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ABSTRACT 
The foraging of breeding Jackass Penguins Spheniscus demersus 
was studied in and around 
southwestern Cape Province, 
Saldanha Bay 
0 
(33 s, 
0 
18 E), 
South Africa. P•nguins ar~ 
difficult to observe at sea. Hence, I devised a number of new 
techniques for studying the foraging behaviour of Jackass 
Penguins at sea. I built electronic and autoradiographic 
remote-sensing devices to measure swimming speed, distance 
travelled and time spent at each depth by foraging Jackass 
Penguins. Penguin swimming speed was reduced in proportion to 
the cross-sectional area of the devices, and results derived 
from birds wearing the devices had to be interpreted 
accordingly. Penguins do not regurgitate their stomach 
contents when handled, so I constructed a wet-offloading 
stomach pump which extracted 100 % of the stomach contents. 
Using this pump, I determined that the rate of digestion of 
fish and squid by Jackass Penguins differed. Care is needed 
in diet interpretations where both fish and squid are major 
food items. 
The diet of Jackass Penguins was determined by stomach 
pumping 556 birds. More than 95 % of the birds' diet, by 
mass, qonsisted of pelagic schooling fish. During a 12 h 
period (mid-day to mid-night), Jackass Penguins returning to 
their breeding colonies from the sea were stomach pumped. 
Birds returning later than 14h30 had less food in their 
stomachs and prey items were more digested. This indicated 
that the penguins fed mainly around mid-day and probably not 
later than about 15h30, despite being at sea all day. 
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I made observations of penguins at sea from boats. Jackass 
Penguins travelled to their foraging grounds in groups of up 
to 50 birds. Groups of fewer than 12 birds always dived 
synchronously, whereas groups of more than 17 birds always 
dived asynchronously. Foraging penguins rarely occurred in 
groups of more than 17 birds. I suggest that larger groups of 
penguins cannot forage effectively, because the birds cannot 
synchronize their diving behaviour. When travelling to the 
-1 
foraging area, breeding penguins swam at 4.4 km.h and, 
thus, have a maximum theoretical range of 24.2 km per 
foraging trip. The actual horizontal foraging range was less 
than 20 km. At mid-day, I saw the largest numbers of penguins 
outside the bay nine kilometres from their breeding colony. 
The mean duration of dive of penguins inside the bay was 
22 s; the mean was 146 s outside the bay. Jackass Penguins 
foraged in water 30-40 m deep. Birds fitted with depth gauges 
dived regularly to 30 m, but spent most time in the upper 
water layers. The maximum recorded depth was 130 m. 
Rates of CO production by breeding Jackass Penguins were 
2 
measured by using doubly-labelled water. Adult penguins with 
chicks less than five days old needed 379 g of anchovy per 
day for their energetic expenses. The metabolic cost of 
-1 -1 
swimming was 39 kJ.bird .km Energy expenditures were 1.7 
times standard metabolic rate (SMR) while brooding chicks, 
6.6 times SMR while foraging and 9.8 times SMR while swimming 
underwater. Penguins spend approximately 48 % of their energy 
budget and 19 % of their time budget to obtain food. Foraging 
efficiency (the metabolizable energy gained while foraging 
~-----------------................. ~ 
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divided by the energy used during foraging) was 2.1 foi birds 
with small chicks. 
Jackass Penguins bred throughout the year but showed seasonal 
breeding preferences. I found that most penguins in the 
colony bred when chick growth was maximal and chick mortality 
was minimal. The local abundance of fish apparently 
influenced the birds' breeding success. There was a positive 
correlation between the distance swum by penguins and the 
amount of food that they ingested. This suggests that the 
anchovy on which they fed formed small schools which were 
encountered frequently. A model examining the form of the 
distribution of the number of penguins returning to their 
breeding island after foraging predicts that, for most of the 
year, the anchovy were in small schools. In November larger 
schools were predicted, and this coincided with high chick 
mortality due to starvation. Anchovy school size is an 
important factor in determining foraging success in Jackass 
Penguins, since flightlessness restricts the foraging range 
and searching ability of penguins compared to other seabirds. 
For a fixed biomass of fish in the foraging area, anchovi in 
small schools would be encountered more frequently by 
predators than anchovy in large schools, and are, thus, a 
more reliable food source for breeding Jackass 
suggest. that seasonal changes in anchovy 
Penguins. I 
school size 
determine breeding success in the Jackass Penguin. 
1 
INTRODUCTION 
The Jackass Penguin Spheniscus demersus (L.) is endemic to 
southern Africa. Although individuals have been seen as far 
0 0 
north as Sette Cama (2 32'S, 9 46'E), Gabon (Malbrant & 
0 
Maclatchy 19S8) and as far east as Inhaca Island (26 SB'S, 
0 
32 S9'E), Mocambique (Pinto 19S8), Jackass Penguins breed 
almost exclusively on 27 coastal islands and three mainland 
0 0 
sites from Hollam's Bird Island (24 38'S, 14 3l'E), off South 
0 0 
West Africa/Namibia, to Bird Island (33 SO'S, 18 20'E), Algoa 
Bay, off South Africa (Fig. 1.1) (Shelton et al. 1984). 
Eighteen of the breedi~g sites lie within the influence of · 
the cool Benguela current, a region of high biological 
productivity due to upwelling of nutrient-rich water (Cushing 
1971, Andrews & Hutchings 1980). The remaining breeding sites 
are situated on the south coast of South Africa influenced by 
the relatively warm Indian Ocean. Eighty-six per cent of the 
penguins seen at sea occur within 2S km of the coast and 75 
km of a breeding island (Siegfried ·et al. 1975). 
Exceptionally, Jackass Penguins have been seen as far from 
0 0 
Africa as Tristan da Cunha (37 lS'S, 12 30'W) (Elliot 19S3) 
and up to 160 km south of Cape Town (Carter 1923). 
Although the Jackass Penguin is -described as 'common' 
(Maclean 1984), the population has decreased by about 90 % 
since 1900 (Frost et!!..!.· 1976b). On the islands of the south 
western Cape (Dassen, Jutten, Marcus, Vondeling and Lambert's 
Bay) , for which data are .most .reliable, an estimated 
population of 1,668,000 penguins at the turn of the century 
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(Frost et al. 1976b) had decreased to some 36,600 birds by 
1979 (Shelton et al. 1984). The bird is now listed as 'of 
special concern' in the International ICBP Red Data Book 
(Collar & Stewart 1985). Factors implicated in the decrease 
(reviewed by Frost et al. 1976b) are: egg-collecting (Rand 
1971, Westphal & Rowan 1971, Siegfried & Crawford 1978), 
human disturbance of breeding colonies (Rand 1950, Hockey & 
Hallinan 1981), removal of the guano in which the penguins 
burrowed (Morrell 1844, Berry et al. 1974), oil pollution 
(Rand 1952, 1971, Westphal & Rowan 1971, Percy FitzPatrick 
Institute 1974), industrial development schemes (McLachlan 
1974) and competition wi~h the pelagic school fish industry 
(Frost et al. 1976b, Crawford & Shelton 1978, Burger & Cooper 
1984). 
The population decrease of the Jackass Penguin has prompted 
much work on aspects of the bird's ecology (e.g. behaviour 
(Erasmus & Smith 1974, Frost et al. 1976a, Eggleton & 
Siegfried 1977), breeding biology (Jackson et al. 1976, 
Siegfried 1977, Cooper 1977a, 1980, Randall & Randall 1981, 
Williams & Cooper 1984), causes of mortality (Cooper 1974, 
Randall & Bray 1983), morphology (Cooper 1972), physiological 
response to oiling (Erasmus et al~ 1980), chick growth rate 
(Heath & Randall 1985) and moult (Cooper 1978)). However, 
all these studies deal with aspects of the terrestrial 
ecology of the penguin. Relatively few papers have reported 
on aspects of the bird's marine ecology, although the Jackass 
Penguin spends most of its life at sea. 
Jackass Penguin diet has been examined by a number of workers 
3 
(Davies 1956, 1958, Rand 1960, Matthews 1961, Crawford & 
Shelton 1981, Randall et al. 1981, Cooper 1984). Until 1960, 
"" diet was determined by killing penguins. However, 'once the 
magnitude of the penguin population decrease became apparent 
no further work was done until 1980 when a .non-lethal 
stomach-sampler was developed (Randall & Davidson 1981). 
Subsequently, Jackass Penguin diet in South West 
Africa/Namibia (Crawford & Shelton 1981) and at St. Croix 
Island (Randall et al. 198lb) has been examined. Jackass 
Penguins feed almost exclusively on pelagic school fish, 
principally Anchovy Engraulis capensis, Pilchard Sardinops 
ocellata, Redeye Etrumeus teres and Maasbanker Trachurus 
trachurus. The relative proportions of these fish in the diet 
have changed since 1956 (Crawfor~ & Shelton 1981), probably 
as a result of population changes in the fish due to 
overfishing (Stander & Le Roux 1968, Cram & Visser 1973, 
Newman & Crawford 1980, Davies et al. 1981, Butterworth 
1983). Other aspects of the penguin's marine ecology, notably 
behaviour, are reported by Siegfried et al. (1975), Cooper 
(1977b) and Broni (in press). 
The paucity of literature on the marine ecology of all 
species of penguin reflects the difficulties attending their 
study at sea. Observations of penguins from boats are 
difficult, because penguins on the surface of the water are 
inconspicuous compared to most seabirds. Diving penguins 
cannot be seen from boats. Observations of the behaviour of 
penguins on the sea surface necessitate that the observer be 
close (generally < 50 m) (Broni in press}, and it is 
impossibl~ to determine to what extent the birds modify their 
behaviour in response to this. A further problem is 
4 
associated with the study of dive times (Siegfried et al. 
1975, Broni in press). Although penguins catch all their prey 
underwater, many dives are not foraging dives. Jackass 
Penguins ·dive to travel, 'play', pick up and swallow stones, 
preen and escape predators (pers. obs). Finally, Jackass 
Penguins cannot be observed underwater by divers because, 
apart from the practical difficulties of water visibility and 
the pelagic habit of the bird, the reactions of Jackass 
Penguins to divers are similar to their responses to 
predators (Part 13). 
In this thesis I report on an attempt to investigate the 
marine ecology of the Jackass Penguin, by working mainly on 
land. I devised a stomach pump that extracted 100 % of a 
bird's stomach contents, but which caused very little 
apparent stress to the penguin (Part 2) • Using this, I 
studied Jackass. Penguin diet in relation to timing of 
breeding and breeding success (chick growth rate and 
mortality) (Part 8). The results had to be interpreted with 
care because laboratory work showed that Jackass Penguins 
differentially digest certain prey types faster than others 
and thus, stomach samples may not always represent the full 
spectrum of prey eaten (Part 7). I developed remote sensing 
devices to measure the distance travelled (Parts 3 & 5), the 
travelling speed (Part 5), the time spent travelling (Part 5) 
and the time spent at different depths (Part 4} by foraging 
penguins. These devices enabled me to quantify the 
theoretical maximum and actual foraging ranges of Jackass 
Penguins (Parts 5 & 13). This was related to penguin 
distribution at sea, as determined by boat transects (Part 
5 
13). By comparing the.distance travelled by Jackass Penguins 
per foraging trip with the amount of food ingested I inferred 
the spatial distribution and patch size of the Cape Anchovy 
Engraulis capensis in the Saldanha Bay region (Part 13). This 
was substantiated by examining the times of arrival and 
departure of Jackass Penguins at a breeding colony in 
relation to prey patch size (Part 10). Energy utilization of 
foraging penguins was determined using the doubly-labelled 
water technique (Lifson & Mcclintock 1966, Nagy 1980, Nagy & 
Costa 1980) together with the distance meter (Part 9). This 
also enabled calculation of the consumption of pelagic fish 
by the total population of Jackass Penguins. 
A critical assessment of the effects of the remote sensing 
devices on the behaviour of the penguins showed .that swimming 
speed was reduced as device size increased, due to viscous 
drag (Part 6). Many of the conclusions derived from the use 
of the remote sensing devices are directly affected by this. 
However, the regression of swimming speed versus device size 
enabled me to extrapolate to determine the swimming speed of 
a bird not wearing a device, and thus to correct for many of 
these errors (Part 6). 
By examining the diving behaviour of Jackass Penguins 
leaving their breeding islands in relation to group size, I 
determined that large groups of birds (> c. 20) probably 
could not forage effectively. This was substantiated by 
examining penguin group size at sea (Part 12). I estimated 
when Jackass Penguins forage by stomach-pumping birds as they 
returned to an island during a 24 h period and by assessing 
the mass and state of digestion of the food contained in the 
6 
stomachs in relation to the time of day (Part 11). 
0 0 
Much of this work was done at Marcus 'Island' (33 03'S, 17 
58'E), Saldanha Bay (Fig. 1.1). Since 1976 Marcus Island has 
been connected to the mainland by a sand and boulder 
breakwater 1.8 km long (Cooper et al. in press). The 'island' 
is small (11 ha), almost rectangular and composed of granite. 
Its highest point is some 11 m above sea-level. Most of the 
island is smooth rock, though there are areas with boulders 
and patches of shallow soil, guano, sand and shell fragments. 
The vegetation is mainly Prenia pallens and Alva parviflora 
(Brooke & Crowe 1982), .almost ~ntirely concentrated on the 
east side of the island. The breeding seabirds include Bank 
Phalacrocorax neglectus, Cape P. capensis, Crowned P. 
coronatus and White-breasted P. carbo cormorants, Kelp Larus 
dominicanus and Hartlaub's L. hartlaubii gulls and Swift 
Terns Sterna bergii (Brooke & Crowe 1982). 
The climate of the area is typical of the coastal areas of 
the south-western Cape Province, and is essentially a 
mediterranean type (Schulze 1965). Annual rainfall is about 
0 0 
300 mm and temperatures range from about 8 C to 30 C 
(Flemming 1977). In summer, winds tend to blow from the 
south-south-west, which is a local derivative of the south-
east trade winds {Flemming 1977, Andrews & Hutchings 1980). 
The winds are intermittently south-west and north-west in 
winter. The south-east winds produce upwelling of cool (£. 
0 
12 C) nutrient-rich water which is important for the survival 
of the pelagic fish stocks (Crawford 1980). 
7 
This thesis is composed of a series of separate papers, 
published, in press or submitted to journals. This 
facilitates rapid publication of the work, but means that 
. 
there is some repetition. The thesis follows the form of a 
conventional paper in that there is a 'methodology' section, 
where the new techniques that I devised are fully described 
and critically examined, a 'results and discussion' section, 
where results derived from the use of these, and other, 
techniques are presented and discussed and a synopsis, where 
the major findings in all the previous sections are 
discussed. 
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ABSTRACT 
I describe a device for extracting penguin stomach contents. 
Jackass Penguins do not desert eggs or chicks subsequent to 
being pumped. The device appears to extract all the stomach 
contents, and has proved successful on other seabirds ranging 
in size from storm petrels (Oceanidae) to albatrosses 
(Diomedeidae) • 
18 
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INTRODUCTION 
Analysis of stomach contents of birds provides information on 
their diet and allows deductions to be made on their feeding 
ecology and trophic relationships. Birds are often killed to 
obtain stomach contents for study. Emetics (e.g. Chaney & 
Kare 1966, Prys-Jones et al. 1974, Radke & Frydendall 1974, 
Tomback 1975) and stomach pumps (e.g. Emison·: 1968, Dahlgren 
1982) have been used with varied success to avoid killing 
birds. However, 
Frydendall 1974, 
stomach pumps 
emetics can cause fatalities (Radke & 
Randall & Davidson 1981) and the types of 
used previously may not always give 
representative samples (Croxall & Prince 1980). 
Many species of seabirds regurgitate on handling allowing 
stomach contents to be obtained without killing individuals 
(Ashmole & Ashmole 1967). Penguins, unlike most other 
seabirds, do not regurgitate on handling (J. Cooper & -A.J. 
Williams pers. comm. for five species). Until recently, 
unsatisfactory samples of stomach contents have _been obtained 
from emetics and conventionally designed stomach pumps for 
several penguin species (Croxall & Prince 1980, Randall & 
Davidson 1981, J. Cooper & A.J. Williams pers. comm.). 
Randall and Davidson (1981) have developed a technique for 
use with the Jackass Penguin Spheniscus demersus that 
involves flooding the Stomach with water and then letting the 
contents drain out through a large tube. This method 
requires at least two people to restrain the penguin. The 
associated trauma can cause desertion of eggs or young and 
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-the size of prey items that can be recovered is restricted by 
the internal diameter of the tube (pers. _obs.). Using a 
similar pump I obtained only 53 % and 91 % by mass of the 
stomach contents of two adult Jackass Penguins, verified by 
subsequently killing the birds. 
I describe an improved and much simplified stomach pump for 
use with penguins and other seabirds. This pump can be used 
by a single person and usually results in the collection of 
the entire stomach contents. 
METHODS, RESULTS AND DISCUSSION 
A five millimetre diameter catheter is pushed down the 
penguin's oesophagus until it reaches the base of the stomach 
(Fig. 2.la). Seawater at ambient temperature is then pumped 
in using an ordinary enema pump until it begins to flow back 
out round the sides of the catheter. The catheter is removed 
and the bird is restrained by both legs with one hand while 
the other holds the head, the first and second fingers 
holding the beak open. -The penguin is then inverted over a 
bucket and gentle pressure applied below the bird's rib cage 
with the knees until regurgitation occurs (Fig. 2.lb). When 
regurgitation appears complete the neck should be massaged 
gently to remove any items remaining in the oesophagus. 
Occasionally the food mass get stuck in the buccal cavity. 
In this case steady pressure on the stomach will stop 
reswallowing and eventually force the penguin to shake out 
the remaining contents since these block the epiglottis and 
prevent breathing. 
A 
m~···~~tltl"- Stomach 
contents 
'-+--Water 
Enema pump 
Fig. 2.1 Mode of operation of a stomach pump for penguins 
and other seabirds. 
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To test the efficiency of this pumping method, four adult 
Jackass Penguins were stomach-pumped to ensure that their 
stomachs were empty. This was indicated by green bile in the 
returned water (Randall & Davidson 1981). The birds were 
then fed 300 g, 200 g, 100 g, and 50 g of anchovy Engraulis 
capensis an important prey item of the Jackass Penguin 
(Part 8). Five minutes after feeding, the birds were.again 
stomach pumped and the contents recovered were weighed. All 
four individuals yielded 100 % of the meals fed to ·them. 
From June 1980 to June 1981 approximately 550 Jackass 
Penguins were stomach pumped as ·part of a study of their 
0 0 
feeding ecology at Marcus Island (33 03'S, 17 58'E), Saldanha 
Bay, South Africa (Part 8). No penguins deserted their nests 
subsequent to being stomach pumped. In the 550 samples, 
800 g was the largest mass of food removed, although most 
samples weighed less than 400 g. The largest prey item 
recovered was a Snoek Thyrsites atun with a length of 310 mm. 
The majority of the samples obtained consisted of partially 
digested fish, cephalopod .eyelenqes and beaks. Examination 
of otoliths and beaks has enabled the stomach contents to be 
analyzed to species. Length/mass relationships can then be 
used to estimate the size and mass of individual prey items 
and to estimate the original mass of the meal (Part 8). 
This stomach pumping method has been used successfully · on 
King Penguins Aptenodytes patagonicus (N.J. Adams pers. 
comm.) I Gentoo Penguins Pygoscelis eapua (G.D. La Cock pers. 
comm., N.J. Volkman in litt. 1982), Adelie Penguins 
22 
Pygoscelis adelie (Wilson 1983, G.W •. Johnson in litt. 1982), 
Chinstrap Penguins Pygoscelis antarctica (N.J. Volkman in 
litt. 1982), Rockhopper Penguins Eudyptes chrysocome (C.R. 
Brown pers. comm., R~s.c. Horne in litt. 1982), Macaroni 
Penguins Eudyptes chrysolophus (C.R. Brown pers. comm.), 
Royal Penguins Eudyptes chrysolophus schlegeli (R.s.c. Horne 
in litt. 1982), Blackbrowed Albatrosses Diomedea melanophris 
(D.J. Leng pers. comm.), Whitechinned Petrels Procellaria 
aequinoctialis (A. Berruti pers. comm.), and Wilson's Storm-
Petrels Oceanites oceanicus (P.G. Ryan pers. comm.). These 
initial results suggest that this method can be used on a 
variety of sizes and types of seabirds, thus obviating the 
need to kill individuals in order to study their diets. 
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ABSTRACT 
An electronic distance meter for marine animals is described. 
The device was tested successfully on Jackass Penguins but 
could easily be modified for use on a variety of animals. 
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INTRODUCTION 
Although the use of remote-sensing devices has facilitated 
studies of the behaviour of animals which are difficult to 
observe, the marine environment poses problems for 
electronic devices because seawater is corrosive and a good 
electrical conductor. Consequently, many remote-sensing 
devices for marine animals are non-electronic (Kooyman et al. 
1971, Adams & Brown 1984, Parts 4 & 5), although some 
electronic devices have proved successful (Kooyman et al. 
1982, Prince & Francis 1984). 
I report here on an electronic distance-meter for marine 
animals which functioned perfectly on Jackass Penguins 
Spheniscus demersus during eight- and 10-d trials at sea. 
THE DISTANCE METER 
Basic design 
To measure water flowing past a swimming bird, a freely-
rotating axle was attached to a terminal propeller and 
magnet.- When the propeller rota~ed, the magnet turned past a 
reed-switch causing it to close. With each revolution two 
pulses were produced. Closing of the reed-switch initiated 
the discharge of a capacitor, producing a negative-going-
12 
pulse. Pulses were divided by 2 with a 12 stage CMOS 
(complementary metal oxide semi-conductor) 'ripple-carry 
binary counter'. A second identical integrated-circuit binary 
28 
counted the pulses and interfaced the final binary count, via 
five transistors, with a light-emitting diode .(LED) seven-· 
segm'ent display. 
In this application, the device was attached to a free-
swimming penguin. The propeller, facing the direction of 
travel, turned as a result of the water flowing past the 
swimming bird. The propeller turned a specific number of 
times per distance travelled, so the LED read-out indicated 
the total distance travelled. The device had a mass in air 
of 115 g, but was almost neutrally buoyant in water. 
Functional description 
The two poles of a magnet, Pl and P2 (Fig. 3.1), rotated past 
a fixed glass-encapsulated reed-switch. Two pulses were 
produced for every revolution because the reed-switch 
contacts closed whenever one of the magnetic poles came in 
close proximity. The closing of the reed-switch initiated the 
discharge of a capacitor, Cl (Fig. 3.2), through a resistor, 
R2, producing a negative-going-pulse at the junction of 
another resistor, Rl, and-Cl. The components Rl, R2 and Cl 
were used to eliminate the ~ffects of contact-bounce in the 
reed-switch so that no unwanted pulses were produced. In 
order to be able to count and display the pulses, produced as 
a result of propeller rotation, an integrated circuit, !Cl, 
12 
divided them by'2 (= 4096). After 2048 revolutions of the 
propeller one pulse was produced at pin 1 of !Cl. A second 
integrated circuit, IC2, counted the pulses from !Cl and 
produced a total count, in binary weighted form, at its 
output pins. The five output pins used had a value of one, 

16 
. Breastplate 
· Section A-A 
r----B 
I '""~--20 mm--4)• . 
I 
--;:::===.~1, 
4 mm A 
~Shaft Magnet 
I 
I 
I 
I 
A-----__J 
· s"ection B-B 
I 
I 
I 
I 
Reed 
switch 
HarneGs 
. strap& 
Fig. 3.2 ·Circuit diagram of the electronics in the back-
pack of the distance meter. 
Reset 
reed 
switch 
Reset 
In 
1.2MA 
ov 
R1 
Reset line 
9 
to 4 
t t 0 6 
12 4 5 0 13 B 4 
14 F 3 
15 1c·1 2 Out 
+ 212 
Count 
out 
+6v 
1.5M.!l. 
Count reed 
switch (mmrr2) 
Inf 
C1 
In 
x 
... av 
47K 
20 
9 
10 4 
t 1 ,o 
12 4 
13 0, B 
14 F 
16 IC2 
~P1 
~P2 
Magne 
120Kn 
Distance meter circuit 
Readout reed switch 
(activated by · 
external magnet) 
8 
7 2t 
6 22 
5 2 
4 
3 24 
2 
Bl a Y 
OU t u 
Ov 
Reverse polarity prote tlon dlod~ 
+ 
Ray-o-Vac D 1 
6v APx28(Ag 
. ., . 
; Man 74 A 
i led display 
i ... 
. J • 
·I 
·I 
.---
•Dec • 
2 3 = 8. I point 
124 =16 
•Dec. 
point 
29 
two, four, eight and 16. Five BC239C transistors interfaced 
the output of IC2 with a seven segment LED display. A 
47 kfl resistor placed in series with each transistor base 
limited the current drawn from IC2 and a 2700 resistor placed 
in series with each display LED limited the current drawn to 
approximately 15 mA per segment. By using binary-based 
counting, rather than decimal, only five LEb segments are 
n 
required to give a range from one to 31 =- (2 -1) where n = 5. 
9 
The range may be extended to (2 -1) if the seven segments and 
the two decimal points of the readout terminal are used. A 
diode, Dl, was fitted to the battery terminals to prevent the 
circuit being damaged by reyersed battery connections. 
Materials and construction 
The axle, with its attached propeller and ··magnet, was 
stainless steel and housed in a plastic, torpedo-sh~ped 
container (Fig. 3.1). Water was allowed to flow around the 
axle and out of the container through a hole at the rear. 
This served to lubricate the shaft but did not affect the 
reed-switch which was completely encapsulated in glass. The 
container was attached to a perspex bre~st-plate by a shaped 
perspex stem. In the breast-plate (70 X 70 X 3 mm), contoured 
to fit the bird's body, were two lateral slits on each side 
of .the stem through which the harness passed (Fig. 
3.1). The leads for the reed-switch passed down the centre 
of the stem, through the breast-plate and in the harness 
straps to the electronic package located on the penguin's 
back (Figs 3.3 & 3.4). The circuit was sealed.inside a clear 
resin block, which ensured that no water entered the system. 
The binary seven segment LED read-out could easily be seen 
Fig. 3. 3 Jackass Penguin with distance meter. 
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Fig. 3.4 Attachment of the distance meter to a penguin. 
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through the resin. A continuous LED display used too much 
current, so ' I used reed-switches to activate and re-set the 
read-out. This reduced power usage and eliminated all 
external plugs which would have been subject to the adverse 
effects of sea water. The entire electronic unit was 55 X 35 
x 15 mm, with edges and corners filed for streamlining. 
Polyurethane foam was moulded around the periphery to 
complete the streamlining, to reduce the density of the 
device, and to enable the electronics to be attached to the 
harness (Figs 3.3 & 3. 4) • The battery was sunk into the 
polyurethane foam, the terminals covered with plastic 
. 
lacquer, and the contours of the device restored by 
surrounding the battery with silica glue. The glue could 
easily be removed to change the battery. 
Calibration 
The device was calibrated by attaching it to a life-size 
model of a Jackass Penguin. The model was fixed to a rotating 
arm (length 1.6 m) in a large water tank. The distance 
required to produce one count was determined for a variety of 
-1 
speeds from 2.5 to 8.0 km.h • The number of turns per unit 
distance was not constant at different velocities (Fig. 3.5). 
The characteristics of the relationship varied according to 
the propeller type and size. The error in measurements, over 
the entire speed range, was less than 20 %. Jackass penguins 
-1 
travel within a restricted velocity range (5.2 - 7.6 km.h , 
Part 9) 1 so the effective distance measurement error was less 
than 10 %. 
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FIELD TRIALS AND SUITABILITY OF SCALE 
Devices were fitted to two Jackass Penguins at Marcus Island 
0 0 
(33 03'S, 17 .58'E), Saldanha Bay, on 15 May 1981. The birds 
. 
went to sea the following day and returned to the island 
eight and 10 d later, respectively. When recovered, the 
devices were found to .be working perfectly. When fitted to 
the penguins, the package caused no apparent aberrant 
behaviour (e.g., high incidence of preening or attempting to 
remove the harness). However, packages do affect .penguin 
behaviour at sea. The effect of this device, and other 
remote-sensi~g machines, has been critically examined in 
Part 6. 
With the circuit as shown (Fig. 3.2), the LED display gave a 
maximum count of 31. The display incremented by one count 
-1 
every 0.825 km for a bird travelling at 6.6 km.h (Part 4), 
which gave a maximum recordable distance of 25.6 km . before 
the device reached its maximum count. possible. The display 
still had a further four LED bars which could be utilized to 
give a maximum of 511 counts corresponding to a distance of 
421 km. This could be increased further, with a concomitant 
ioss in resolution, by dividing the number of pulses of the 
reed-switch by a higher number, or by substituting a 
propeller that turns fewer times per unit distance. In this 
way, the properties of the device could be changed to suit a 
variety of needs. 
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ABSTRACT 
I describe an inexpensive autoradiographic depth gauge for 
use on penguins. The device costs less than $10, has a 
mass of 25 g and records the total time that the penguins 
spend at each depth underwater. 
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INTRODUCTION 
Penguins spend much more time in the water than do any other 
birds. Dive times may be as long as 18 min and 
depths of 265 m have been recorded (Kooyman et al. 1971). 
-1 
Estimates of their swimming speeds range from 1.9 m.s 
-1 
to 16 
m.s (Kooyman et al. 1971). Surface-swimming penguins are 
difficult to see due to their low profiles and birds at sea 
approached by a boat or a diver will generally dive or swim 
away rapidly. It is, therefore, not surprising that data on 
, 
penguin behaviour in their marine environment are meager. 
Siegfried et al. (1975) give an account of Jackass Penguin 
Spheniscus demersus social behaviour at sea, though all the 
observations were made when the birds were on the surface of 
the water. Deductions can be made about foraging areas and 
depths by analysing stomach contents (Emison 1968, Croxall & 
Furse 1980, Croxall & Prince 1980). Because it is almost 
impossible to observe directly penguins foraging, information 
can only be obtained indirectly from a recording device 
strapped to the free-swimming bird. Kooyman~ al. · (1971) 
used a capillary depth gauge to determine maximum diving 
depths of the Emperor Penguin Aptenodytes forsteri and they 
also used a depth/time recorder weighing 700 g. Recently, 
smaller electronic devices (weighing 95 g) have been 
constructed to record the frequency of dives of King Penguins 
Aptenodytes patagonicus within set depth ranges (Kooyman et 
al. 1980, Kooyman et al. 1982). Unfortunately, these 
devices are expensive. Losses are liable to be high in this 
type of field study so the devices should be as inexpensive 
37 
, 
as possible. I describe the design and field tests of an 
inexpensive depth gauge for penguins which records 
continuously the total time spent at each depth ~ntegrated 
over many dives. 
DESIGN AND PRINCIPLE OF OPERATION 
I modified a commercially-available (Profundimetro 110, cost 
about six dollars), wrist-attached, capillary-type depth 
gauge commonly used by SCUBA divers (Fig • . 4.1). The gauge 
is 70 x 45 x 10 mm, with a weight in air of about 25 g. When 
the capillary tube, closed at one end and with a constriction 
at the other, is i~ersed in water, air is trapped in the 
tube and a meniscus forms near the open end. As the 
capillary tube is lowered to greater depths, the air column 
is compressed, approximately halving its volume for the first 
10 m increase in depth. The position of the meniscus 
indicates, on the scale provided, the depth reached. In the 
gauge described here, a radioactive bead adheres to the 
meniscus. Its position is recorded on an X-ray photographic 
film placed against the capillary tube. The density of 
blackening of the film gives a measure of the time spent at a 
particular depth. In the field a penguin wears the gauge for 
one half-day to one week to record the integrated duration 
versus depth data for many dives. 
Fig. 4.1 (A) Face of depth gauge. 
(B) Longitudinal cross-section A-A' of depth 
gauge. 
CC) Contoured depth gauge with film shown in 
position on penguin, 
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The Radioactive Bead 
Factors such as spatial ' resolution, good autoradiographic 
properties and radiation safety required selection of a 
radioisotope having pure Beta emission, preferably with a 
half-life of less than one month. The small size of the bead 
(less than two millimetres after · encapsulation) necessitated 
a high specific activity source. A radioisotope that met 
these . requirements was phosphorus-32 (P-32), which has a 
maximum Beta energy of 1.7 MeV (1 MeV = o.16 pJ) and a half-
life of 14.3 d. The radioisotope was obtained in the 
chemical form of an isotonic solution of sodium phosphate 
(supplier: Amer sham International Ltd., Amer sham, 
Buckinghamshire, U. K.1 with a specific activity of 
-1 
185 MBq.ml (megabecquerel per millilitre). After adjusting 
the pH when necessary anq adding stable sodium 
-1 
orthophosphate (3.0 mg.ml ) as carrier, barium chloride 
-1 
(3.0 mg.ml ) was added to form the water-insoluble 
precipitate barium orthophosphate. 
I fabricated the bead as follows: the tip of a fine glass rod 
(less than 0.3 mm diameter) was coated with epoxy adhesive 
(Araldite), dipped into the dried precipitate of radioactive 
phosphate and allowed to set. A further layer of epoxy was 
applied and ieft to set. Finally the tip was coated with 
expanded polyurethene foam to form a spherical drop 
about 1.5 mm in diameter. During all drying stages of the 
different layers I maintained the glass rod in a vertically 
inverted position to allow a spherical shape to develop. 
After the bead was formed I broke off the glass rod flush 
with the surface of the bead. Beads with activities 
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displaced slightly from the centre radiate non-isotropically, 
due to self-absorption. Measurements carried out however, 
showed that non-isotropy in the radiation output of the beads 
did not exceed 10 %. 
Leaching tests on nine beads in a stirred water bath gave an 
average activity loss of five per cent after 58 h. In the 
relatively protected environment of the capillary tube 
leaching losses were negligible. I checked the activity of 
each bead by counting with an end window Geiger-Muller 
detector (Nuclear Chicago). During trials the activity 
varied from three to 55 kBq. The radioactive bead was 
placed in the open end of the capillary tube and the slotted 
plug which controls the flow of water was reinserted. This 
. 
also prevented the· bead from falling out of the capillary 
tube when the meniscus returned to its position at zero 
depth. 
Preparation of the Film 
I heat-sealed the X-ray film (Kodak Industrial Type C54 or 
Dupont Cronex NOT 70) into high-density, black polythene 
sachets, care having been taken not to heat-stress the film 
whilst ensuring a snug fit. I avoided trapping air in the 
sachet because this results in variations in the distance 
between bead and film, which affects the range of Beta 
radiation and hence the response of the film. 
Method of Attachement to the Penguin 
I modified the body of the gauge to give a smooth contour to 
its underside (Fig. 4.1). I secured the film sachet to the 
face of· the gauge and the whole device was inverted on . the 
bird's back and held firmly in place by a leather harness 
(Eigs 4.2 & 4.3). A contoured collar (width 15 mm) rested 
on the penguin's clavicle and was united to a thoracic 
band (width 25 mm), located under the flippers, by four 
narrow (SO x 7.5 mm) straps. I constructed the harness from 
thin leather except for a 30 mm length of neoprene which 
formed part of the thoracic band located on the bird's back. 
During the period March to August 1981 a total of 32 Jackass 
0 
Penguins breeding at Marcus Island (33 03'S, 
0 
17 58'E), 
Saldanha Bay, South Africa was fitted with the depth gauge 
and harness. Only one of these birds failed to return. Most 
birds only spent one day, as is usual, at sea before 
returning, though one individual returned after 10 d at sea. 
All the birds appeared totally unaffected by the harness and 
depth gauge. Five of the 31 that returned were stomach-
pumped using techniques described in Part 2. All contained 
food which showed that they had been successfully foraging. 
Film Development and Measurement 
I developed the exposed film in Kodak X-ray developer for six 
minutes according to instructions. The response of the film 
is a function of: bead activity, angle of radiation 
incidence, amount and density of intervening material, 
development time and temperature (Dudley 1954). -Density can 
vary by 200 % for development times between two and 14 
Fig. 4.2 Harness for the attachment of the depth gauge 
to Jackass Penguin, 
Neoprene 
Leather 
Ventral view 
Dorsal view. 
Fig. 4,3 Jackass Penguin returning with gauge and harness. 
. ·-,, 
....... 
--
-
--
41 
min, and can be increased 40 % when the temperature is raised 
by four degrees centigrade (Dudley 1954). It is thus 
important to maintain strict control over film processing. 
I measured .the optical density (logarithm of the ratio of 
the incident to transmitted light intensity) of the film with 
a transmission densitometer (Digital Densitometer II). The 
change in density with different duration exposures for a 
given bead activity was investigated. I made the exposures 
with the bead inside a piece of capillary tube. After 
correction for background fogging effects, the plot of 
densitometer readings versus exposure time was linear from 
five minutes to 300 min for any beads with an activity less . 
than 18 kBq (Fig. 4.4). Rant et al. (1982) report such 
linearity up to at least a density of 1.5 for Beta radiation. 
If instead, this exposure-time data is plotted on a 
logarithmic scale, together with additional data for longer 
exposures, a typical sensitometric curve is obtained having a 
toe region extending to about 300 min and a linear region 
thereafter till 1500 min. Because most of the duration .data 
used fall below 300 min only the former linear plot is shown 
(Fig. 4.4). 
ANALYSIS OF RESULTS 
On development of the film the most frequently-used foraging 
depths are indicated by a darker trace (Fig. 4.5). If 
calibration exposures have been made on the film, it is 
usually possible to estimate the durations spent at 
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part.icular depths visually. For quantitative data on 
durations, however, a densitometer must be used and the 
following points borne in mind. The bead in any one position 
for a given exposure produces a blackened circle such that 
the density of blackening at any position within that circle 
obeys a power law function of distance between the bead and 
that position. Only in the centre of the circle can the 
density of blackening be correlated directly to the 
density/exposure time calibration curve. In a continuous 
trace, where many overlapping circles of exposure occur at 
different times, peripheral blackening can contribute to the 
density of the central spot from another position. Obtaining 
density readings at. set distances along the trace could, 
therefore, be erroneous. 
Density values along the trace can be obtained in the 
following manner: 
a) Read the density at any position along the trace at the 
centre line. 
b) Measure the distance between the centre of the trace (the 
densest area) and the closest backround reading. 
c) Double this value to obtain the approximate distance from 
this reading position to the next reading position. 
' d) Determine the distance between the centre of the new 
trace position and the closest background reading. 
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e) Add this value to the value obtained in b and readjust 
the position of the densitometer to read at this corrected 
distance from the first reading position. 
f) For increased accuracy steps d and e should be repeated. 
When expressed graphically the density values converted to 
time appear as a histogram with variable bar width due to the 
non-uniform width of the trace. The bar width should be 
standardized with a concomitant reduction in height. This 
same method can be used to correct bar.width when the data 
are presented as time spent per unit depth, i.e. when the 
depth scale is represented linearly {Fig. 4.6). 
The accuracy of the duration data is critically dependent on 
1. bead activity and half-life, 2. wearing period, 3. film to 
bead separation and 4. film processing. If, prior to each 
wearing period, each film mounted in its gauge is calibrated 
with suitable time exposures, the activity and processing 
variables are eliminated. Further, if a wearing period is 
chosen suitable to the half-life of the bead error 2 can be 
controlled. The remaining problem 3 is controlled by ensuring 
minimum airtrapping in the sachet and adequate pressure 
between gauge and film. In general the total error of the 
duration data with no radioactive decay is less than 10 %. 
Radioactive decay however, produces an additional error over 
the wearing period. For P-32 (half-life 14.3 d) this error 
is five per cent after one day, nine per cent after two days, 
. and 18 .% after four days. 
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F1g_, 4. 6 Histogram of time spent at depths-> 2m based an 
analysis of the trace shown in Fig. Yi.5. 
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I calibrated the scale of the depth gauge in a diver's 
compression chamber, certified to one per cent accuracy. The 
depth error on our gauge was typically five per cent and 
never greater than 10 %. 
The depth trace in Figure 4.5 was obtained from a Jackass 
Penguin which had been wearing the gauge for 41.7 h. The 
trace shows high-density blackening at zero and at a depth of 
about one metre. When travelling to their foraging areas, 
Jackass Penguins swim for stretches just underwater, 
interspaced with rests on the surface (Siegfried et ~· 1975, 
Part 13). They spend approximately four hours travelling to 
and from the foraging area (Part 13). The dense blackening 
at one metre is, therefore, mostly acquired when the penguin 
is travelling. The density of the trace at greater depths 
shows that (in this example) the penguin did not spend a 
measurable amount of time deeper than 35 m. The total time 
spent at ~depths greater than two metres depth during 
the 41.7 h wearing period was about 3.6 h. 
DISCUSSION 
Since the response of the film is sensitive to so many 
factors, particularly the differing bead activities, 
calibration exposures for each piece of film used should be 
made. Each bead should therefore be used to make several 
different time exposures on a part of the film which is not 
exposed under normal operating conditions. As an added 
-precaution, particularly if the gauge is attached to a bird 
for several days, calibration exposures should also be made 
~~----------------------................. .. 
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after removal from the bird to determine any activity losses 
caused by leaching. Alternatively, -a family of calibration 
curves may be produced for different bead activities under 
standardized development procedures. The activity of .each 
bead is measured before usage and its strength at the time of 
exposure is obtained from decay tables and hence the correct 
curve from the family of curves can be chosen for analysis. 
Since in this application the penguin is mainly at zero 
depth, the autoradiographic nature of the device provides its 
own zero position. However, care should be taken that there 
is no movement of _the gauge relative to the film. When the 
capillary tube is dry the bead may move from the zero 
~osition when jolted. To ensure that under such conditions 
the bead remains at zero, the gauge should be placed so that 
the first section of the capillary tube runs towards the 
bird's head. In this way, when the penguin is upright on 
land, the bead is held at the zero position by gravity. 
Poor bead -construction can cause the bead to stick to the 
capillary or leave the meniscus and float in the water 
column. A very sudden change in depth can cause the latter 
effect but this is unlikely in view of the rate at which 
penguins dive. The adhesion between the bead and the 
meniscus should be tested by placing each bead in the 
capillary. When both ends of the capillary are open, the 
tube can be irrigated with water and the response of the bead 
to the meniscus readily observed. 
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Because the depth scale is non-linear greater depths are 
subject to larger errors. For a capillary tube which has a 
length of 160 mm, the difference between the position of the 
bead at depths of 10 m and 11 m is 2.5 mm. However, at 
depths of between 90 m and 100 m the difference is only about 
one millimetre. Doubling the length of the tube will double 
these distances. By bending the tube into a spiral shape a 
longer piece could be used, but there are practical 
limitations to the ultimate length usable; doubling the 
capillary length doubles the speed of movement of the 
meniscus for a given rate of change in depth. This increases 
the chances of the bead becoming detached from the meniscus 
as discussed above. The spatial resolution of the gauge is 
also affected by the physical dimensions of the radioactive 
source and the range of the Beta radiation. A high specific 
activity in a bead of small dimensions is advantageous, as it 
will give a well-defined spot on the film for a relatively 
short exposure time, whereas a higher-energy radiation source 
will give poorer resolution due to the larger diameter of 
blackening on the film. 
The radioactive sources are prepared under laboratory 
conditions using standard radiation safety precautions. The 
individual beads with activity less than 3.7 kBq are below 
the level required for licensing by the relevant 
authorities in South Africa and most other countries. For 
comparison a luminous diver's wrist-watch is allowed to have 
55 kBq of radium-226. 
The whole-body dose to the penguin is also very low. The 
average energy of P-32 Betas is 0.69 MeV with a range 'in 
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water of 2.4 mm; the maximum energy is 1.71 MeV with a range 
in water of 8.9 mm. The device is positioned on the back of 
the bird and.any radiation is attenuated by the thickness of 
the film, its encapsulation, one to three millimetres of 
feathers, one to two millimetres of skin and a subcutaneous 
fat layer of about one millimetre. An unshielded 3.7 kBq 
-1 
P-32 source results in a dose rate of 18 CpGy ) microgray 
per hour at a depth of five millimetres in tissue (Birkhoff 
196 7) • The radiation effect on the penguin is thus 
negligible. The lack of acute radiation effects 
was 
confirmed by plucking the feathers at the gauge position and 
inspecting the skin surface. 
CONCLUSION 
A new depth gauge successfully tested in the field is 
inexpensive relative to the cost of equivalent electronic 
devices. The direct material costs per complete gauge are 
well below $10. Although this technique was developed for 
penguins it could be used for other aquatic animals. If the 
recapture rate is low many units could be deployed at minimal 
cost. The wearing period is limited by errors related to the 
decay of the radioactive source. With P-32 a period of a few 
days is possible. Other radioisotopes with half-lives up to 
several months could be used (e.g. strontium-89, half life 51 
d) _ if required. In such cases the activity could be 
proportionately reduced for expos~re integration over longer 
periods. Radiation effects can be eliminated by shielding 
with a o.5 mm copper plate. with very long exposures (e.g. 
~~----------------------................ ... 
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greater than four months) reciprocity- effects and latent 
image fading in the film should be investigated. The use of 
a radioactive tracer as a recording mechanism need not be 
limited to depth gauges as evidenced by the successful use of 
an autoradiographic speed meter on Jackass Penguins (Part 5). 
Many other different devices can be considered, e.g. the 
radioisotope may be attached to the indicator of an analogue 
depth gauge, to altimeters on migrating birds, or to 
compasses on foraging or migrating animals. 
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ABSTRACT 
I present the design and application of a machine which 
records autoradiographically the travelling speeds and 
distances of wild penguins. The device was tested on 15 
Jackass Penguins which swam a mean distance of 27.3 km (~.d. 
15.4) per foraging trip. This remote-sensing technology, 
which is simple, cheap (less than five dollars) and robust, 
has wide biological application. 
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INTRODUCTION 
Various techniques have been developed to study animals that 
are difficult to observe {e.g. Kooyman 1965, Wolcott 1977, 
Morris & Black 1980, Kooyman et al. 1982). An 
autoradiographic depth gauge that is small, inexpensive, and 
·does not require any clockwork or electrical power source is 
described in Part 4. This paper reports on another 
application of the autoradiographic principle; a speed meter, 
which has been tested on free-swimming Jackass Penguins 
Spheniscus demersus breeding at Marcus Island, South Africa. 
The device records both the swimming speed and the time spent 
travelling at each speed. These allow calculation of the 
total distance covered. if any effect of sea or tidal currents 
are ignored. 
DESIGN AND PRINCIPLE OF OPERATION 
The speed meter consists of a compression spring enclosed 
within a tube and attached to the tube at one end. At the 
other end of the tube, the spring is attached to a terminal 
cylindrical bung which has a diameter fractionally .smaller 
than the internal diameter of the tube {Fig. 5.1). The bung 
is prevented from leaving the tube by a length of thin nylon 
line stretched across the front end. A sealed radioactive 
bead {Part 4) is mounted with wax in the side of the bung so 
·that it lies flush with the inside surface of the tube. 
x-ray-sensitive film is taped over the length of the outside 
A 
r 
15 mm p.\o---Bung 
L 
film in sachet 
B 
~----------GO mm------------
Water flow~ 
)~.;[g. 5 .1 CAl Diametric cross-section of speed ineter through 
the bung and breastplate. The grooves in the bung allow some 
flow of water through the gauge. (B) Longitudinal section of 
speed meter. The bung is shown in its zero position at the 
front end of the tube. 
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of the tube and placed as close as possible to the 
radioisotope. The total mass in air of the speed meter and 
associated breast-plate is about five grams. 
Pressure on the face of the bung, produced by the 
flowing along the tube, causes the bung to move 
compressing the spring. When the pressure drops, the 
water 
back, 
bung 
returns to its original position. When the device is made to 
travel through water at a constant speed the bung with the 
radioisotope becomes stable at a particular position in the 
tube, the pressure of the spring exactly counterbalancing the 
pressure of the water. The X-ray film records the position 
of the radioactive bead because blackening occurs at that 
position. The density of blackening on the film is 
proportional to the duration of exposure to the isotope. 
This relationship, coupled with the varying bung positions at 
different velocities, allows the time spent travelling at 
each speed to be calculated from examination of the film • 
. The total distance travelled is obtained by summing all the 
products of the pai~s of speed and duration values. 
Materials and Construction 
I made the tube from the barrel of a five millilitre plastic 
syringe. The 
steel wire. 
spring was hand wound from 0.3 mm stainless 
The di~meter and the total nu~ber of turns of 
the coil determined the properties of the spring. However, 
the diameter should not be allowed to vary greatly because 
the spring will kink under pressure if its diameter is 
markedly less than the internal diameter of the tube. I 
constructed the bung from dense polyurethane foam. The bung 
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should not be so large and buoyant that it substantially 
compresses the spring when the tube is held leading end down 
in the water. There is no necessity for the bung to be 
exactly cylindrical. In order to prevent full deflection of 
the bung at low velocities longitudinal grooves acting as by-
pass channels can be cut into the bung (Fig. 5.la). 
I used the radioactive isotope phosphorus-32 
is a pure Beta emitter with a half-life of 
(P-32), 
14.3 d. 
which 
The 
source beads had an approximate diameter of two millimetres 
and a nominal activity of four kilobecquerel (kBq) (Part 4). 
The film 
NDT 70. 
I used was Kodak industrial C 54 or Dupont Cronex 
I sealed it inside a waterproof sachet. The full 
procedure and precautions taken are detailed in Part 4. The 
film was large enough to cover the entire range of movement 
of the bung (e.g. 45 x 18 mm for a five millilitre syringe) 
and fitted snugly inside the sachet. The sachet was fitted 
to the outside of the tube using waterproof tape so that no 
movement was possible. I developed the film in Kodak X-ray 
developer for six minutes and fixed it in the usual manner. 
Method of Attachement to a Penguin 
The tube was attached to a breast plate (60 x 60 mm and 
contoured to fit the body) which was held onto the bird by a 
harness (Figs 5.2 & 5.3). The design and dimensions of the 
harness are similar to those described in Part 4. It is 
important that .the speed meter always directly faces the 
direction of travel. To achieve this the thoracic band was 
divided to pass through the ventral breast plate (Figs 5.2 & 
:fig. s.2 Ventral view Of Jackass Penguin with attached 
speed meter without the film, The harness design is 
critical, and the photograph shows the V-shape of the 
neck band resting on the clavicles ·and the divided 
strips of the thoracic band which help maintain the 
forward orientation of the main tube. 
------
-----·---· --
.. 
Fig. 5,3 Side view of Jackass Penguin with attached meter 
without the film, 
\. 
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5. 3) • The two bands should be moderately tight to prevent 
the tube from turning. The elapsed time between mounting and 
dismounting the film on the speed gauge, i.e. the total time 
the film is exposed, must be noted, Between May and August 
1981 a total of 25 Jackass Penguins was fitted with speed 
meters. All the birds returned at the expected time from 
their foraging trips and they all seemed tota~ly unaffected 
by the harnesses. 
Calibration 
I calibrated each speed meter on a life size model penguin 
which was placed on a rotating arm (length 1.6 m) in a large 
water tank. The position of the bung was noted for 19 
-1 
different velocities-from o.~ to 8.6 km.h (Fig. 5.4). 
ANALYSIS OF RESULTS 
I measured the optical density (logarithm of the ratio of 
incident to transmitted light) on the developed film with a 
transmission densitometer (Digital Densitometer II). In my 
case the trace typically had two blackened patches with no 
intermediate blackening (Fig. -- 5.5). The very dense zero 
patch forms when the bird is stationary or swimming at a 
speed below the gauge threshold and the bung has consequent~y 
not moved from zero • The second, lighter patch, indicates 
. 
the_ bung position at the penguin's normal travelling speed. 
The exact distance of the bung from zero at this speed can be 
determined by measuring the distance between the densest 
.spots of each patch. This distance is then compared to the 
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Fig, 5,4 Speed meter calibration curve for one particular 
spring,,, showing the characteristics-shape. 
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Fig. 5.5 Example of a speed meter radiographic trace, The 
bead responsible for the observed exposure had an activity 
that ensured that for the expected wearing period the densi-
ty lay with the linear part of the density/exposure cali-
bration data. 
Total exposure. tiine =' ··29 h 
·Background: optical density: (bkg) : 0.26 
33 mm 
Ill 
. -1' 6.7 km.h 
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calibration curve of speed versus bung movement to deduce the 
travelling speed of the bird. 
The bead activity was chosen so that the maximum.density of 
exposure at any position lies on the linear part of the 
density/exposure time calibration curve (Part 4). The total 
exposure time of the film is used in calculating the relative 
individual .exposure times for the two patches (Fig. 5.5). 
The maximum density of both patches is summed and then 
divided by the total exposure time of the film. The 
resultant value is a measure of the amount of blackening that 
occurs per unit time. If the reciprocal of this figure is 
multiplied by the density"6f the second patch, the total time 
spent travelling is obtained. Multiplication of this value 
by the travelling speed gives the approximate distance 
covered during the trip (Fig. 5.5). 
If the density of the film does not lie on the linear part of 
the calibration curve a different procedure for determining 
durations is required: -a family of calibration curves for 
different activity beads covering a full range of exposure 
densities is prepared unde~ uniform processing conditions 
(Part 4). Prior to fitting the gauge a calibration exposure 
is made on the film (a slightly longer piece of film may be 
required) to give an expected density of about one. Later, 
development of the film with this known exposure will 
identify which curve is relevant for evaluating the durations · 
corresponding to the observed density patches. - In this case 
the two densities are not added because they are in the non-
linear region of the curve. Although it is preferable to do 
the individual calibration exposure which provides a check on 
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uniformity of processing, this exposure may be eliminated, if 
the bead's activity is known (from its initial activity and 
known . decay) at the time of use. One then simply refers to 
the family of curves for that known activity. 
For each individual penguin there should be an optimum speed 
for travelling. Sudden dashes, such as during prey capture, 
will not appear on the trace since the bung does not remain 
in the corresponding position long enough to blacken the 
film. For the level of radioactivity used, the minimum time 
for blackening was 10 to 15 min. In situations where the 
second patch is not circulai, or is very erongated, a range 
of prefered speeds can be calculated. For the analysis of 
elongated (continuous) traces see Part 4. 
For two discrete circular patches on the exposed film the 
speed value is limited purely by the precision of measurement 
of the distance between patches and subsequent reading of the 
calibration curve. Due to the I$ I shape of this curve (Fig. 
5.4) the optimum range of speed measurement for this 
-1 -1 
particular gauge lies between 1. 5 km.h and 6.5 km.h 
-1 
Typically, the speed can be measured to within 0.1 km.h 
If the observed speed values for the animal in question fall 
on the nearly horizontal parts of the calibration curve 
reported here, errors will be much larger and a modified 
speed meter should be used. Springs with appropriate 
characteristics can be selected so as to allow the value to 
occur on the steep section of its calibration curve. 
An example of a trace obtained during a field trial (Fig. 
5.5) shows that the penguin travelled for about 2.3 hat 6.7 
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km.h The bird therefore travelled about 15.4 km during 
its foraging trip. Fifteen Jackass Penguins fitted with 
speed meters travelled a mean distance of 27.3 km (s.d. 
-~ 
15.4) during one foraging trip at a mean speed of 6.6 km.h 
(~.d. 0.85). 
The precision in determining the duration value depends 
principally on the rate of radioactive decay of the - isotope, 
but also on the minimum response time of the film, the 
discreteness of individual exposure patches, and the 
background fogging level. These are all discussed in Part 4. 
The total error in determining the duration was estimated at 
less than 10 % for a total exposure time of about 24 h. 
CONCLUSIONS 
This inexpensive (less than six dollars) and compact speed 
meter has proved to be effective in gaining new data on 
penguins at sea. The easy attachment to the bird and minimum 
number of moving parts with no 'power' source make it a 
reliable device for field use. Its low cost allows many 
units to be deployed in .the field, facilitating the 
collection of statistically useful data. The main problem in 
the field was damage to the film caused by small holes which 
allowed water or light to leak into the sachet. This can be 
overcome by careful quality control when sealing the sachet. 
The fabrication of the radioactive bead is simple and no 
health hazards are incurred with the activities used (Part 
4). This device, with appropriate changes to.the spring 
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compression, the radioisotope, and the harness, could be used 
on other marine animals to gain new. insight into their 
behaviour at sea. 
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MEASUREMENT AFFECTS FORAGING PERFORMANCE IN JACKASS PENGUINS 
Nature (submitted) 
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ABSTRACT 
Data-recording devices attached to foraging Jackass. Penguins 
reduced swimming speeds in proportion to the cross-sectional 
area of the devices. The effects of the devices, though 
apparently trivial, are cumulative in considerations of 
reproductive energetics: devices which were 0.6 % of penguin 
mass had a 10 % cross-sectional area and reduced swimming 
speeds and foraging ranges by 30 %. Theoretically the mass of 
prey ingested would also be reduced by 30 % and breeding 
penguins would suffer an 11 % deficit in their own energy 
requirements and would not be able to feed their chicks at 
all. 
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INTRODUCTION 
Data-recording devices, attached to free-ranging animals, 
have provided new insights into · behaviour because direct 
observations are not always possible (Cochran & Lord 1963). 
Consequently, attached devices are being used to an 
increasing extent to study marine animals: mammals (Kooyman 
et al. 1976, Ray et al. 1978), birds (Kooyman et al. 1972, 
1982, Adams & Brown 1983, Lishman & Croxall 1983, Parts 3, 4, 
5, 9 & 13), reptiles (Stoneburner 1982) and fish (Voegeli & 
Piucock 1980, Priede 1983). These devices supply data upon 
recovery (Kooyman et al. 1972, 1982) or through telemetry to 
local receivers (Voegeli & Piucock 1980, Priede 1983) or 
satellites (Stoneburner 1982). The effects of instrument mass 
and harness attachment on land animals are considered 
important (Dumke & Pils 1973, Gilmer et al. 1974, Perry 1981, 
Perry et al. 1981), but the effects of devices on marine 
animals, which live in a much more viscous medium than air, 
have not been evaluated. In this study the effects of 
attached -instruments on the foraging activity of the Jackass 
Penguin Spheniscus demersus of southern Africa were 
investigated. 
Data-recording devices are important in the study of free-
swimming penguins because these birds are inconspicuous on 
the surface of the water and are not visible during frequent 
travelling and foraging dives. Instruments have been 
constructed to record speed (Part 5), range .(Parts 3 & 5), 
dive depth and dive frequency (Part 4, Kooyman et !!.l· 1982). 
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Results show that Jackass Penguins are capable of sustained 
-1 
speeds of at least 7.5 km.h (Part 9) and that other 
penguin species forage at depths exceeding 200 m (Kooyman et 
al. 1982). Measurements of foraging distance have also been 
used to estimate the energetic cost of swimming and to 
construct energy budgets (Part 9). 
Devices may affect performance in two ways. The mere 
presence of a device may modify behavior. However, in my 
experience this does not appear to be important; after a 
short period .. of adjustment, Jackass Penguins with devices 
carried on normal nesting activity and entered the sea to 
forage with frequencies similar to control birds (Parts 3, 4, 
5, 9, 13, 14). 
Devices may retard swimming speed, thus reducing dive depth, 
foraging range, and the number of prey encountered. Attached 
devices are usually less than 1 % of body mass (Parts 4 & 5) 
and are partially buoyed by water displacement. Furthermore, 
penguins can ingest meals weighing up to 26 % of their body 
mass (Davies 1956), so instrument mass in itself probably 
does not adversely affect foraging performance. Water is a 
relatively dense medium and hydrodynamic shape will have a 
much greater influence on speed and energy expenditure during 
foraging. Streamlined body shape and plumage with reduced 
drag in water reflect the importance of hydrodynamic 
constraints on penguins (Nachtigall & Bilo 1980). 
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METHODS 
To· measure the effects of instrument size, I recorded the 
mean speed and time spent foraging of 31 Jackass Penguins in 
0 0 
the vicinity of Saldanha Bay (33 03'S, 17 58'E), South 
Africa, between July 1981 and July 1984 • All birds were 
. nesting on Marcus or Malgas islands and had chicks less than 
five days old. Nesting birds have more predictable foraging 
patterns than do non-breeding birds and, thus, better assure 
instrument recovery (Part 9). Birds were fitted with speed 
meters (Part 5) and attachment devices with cross-sectional 
areas between 2.3 % and 10.l % of the frontal cross-sectional 
2 
area of a swimming penguin (14040 mm). Meters were attached 
to the birds by harnesses (Parts 4 & 5) or by hose clips 
(Lishman & Croxall 1983) and packages had masses representing 
about 0.6 % of a typical 3 kg (Furness & Cooper 1982) 
penguin. 
The stomachs of five experimental birds fitted with the 
smallest devices were pumped upon return to land (Part 2) and 
mean prey mass was compared with that of 45 free-swimming 
birds. 
During the study, 30 Jackass Penguin nests were checked twice 
daily (9hOO and 2lhOO) to monitor parental attendance from 
the moment the first chick hatched until it was five days 
old. 
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RESULTS AND DISCUSSION 
Mean foraging time for the 31 birds was 4.5 h. There was no 
significant difference between harness-fitted (4.4 h, s.d. 
2.74, £ = 10) and hose-clip-fitted (4.67 h, s~d. 2.05, £ = 
21) devices (! = 0.31, E > 0.05). However, mean speeds during 
foraging trips were inversely related to device size 
(percentage of penguin cross section) (Fig. 6.1). 
-1 
with .the smallest devices averaged 2.0 m.s 
Penguins 
during a 
foraging period but penguins with larger devices showed a 
linear decrease in mean speed. Birds with the largest 
devices had a mean spee~ one-third that of birds with the 
smallest devices.. ~bout 50 % of the variability in mean 
2 
speed was explained by device size (£ = 0.52, F = 30.95, 
1.29 
E < o.ooo5J. 
There was no significant difference between the mass of food 
ingested by free-swimming penguins and birds fitted with the 
smallest devices (means of 150 g, s.d. 124, n = 45 and 271 g, 
s.d. 80, n = 5, respectively, t = 2.1, E > 0.05) which 
suggests that the smallest meters had virtually no effect on 
foraging behaviour. On.the other hand, two penguins fitted 
with an electronic distance meter 14.6 % in penguin cross-
sectional area (Part 3) returned in emaciated condition after 
being absent for eight and 10 d respectively. Adult Jackass 
Penguins from the 30 nests, checked for parental attendance, 
had 142 (95 %) foraging trips that were less than one day and 
eight (5 %) foraging trips that were greater than one day but 
less than two. 
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Fig. 6.1 Relationship between mean speed during a typical 
foraging trip and. the percentag~ cross-sectiqnal area of the 
attached device relative.to the frontal cross-sectional 
area of a Jackass Penguin. 
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By accounting for the effects of the recording devices on the 
birds the foraging performance and energy . requirements for 
free-swimming birds can be predicted. If Jackass Penguins 
-1 
forage 4.5 h.d , regardless of device size, birds carrying 
devices o %, 2.3 %, and 10 % in cross-sectional area will 
travel 34.7 km, 32.4 km, and 24.5 km, respectively, at speeds 
reported here. The mass of prey ingested during a foraging 
trip (y) [g] is proportional to the distance travelled (x) 
[km] according to the equation: y = 14.3x + 11 
-1 
(Part 14), 
-1 
507.2 g.d • so meal sizes will vary from 361.3 g.d to 
Since Jackass Penguins in the Saldanha Bay region feed almost 
exclusively on anchovies Engraulis capensis (Part 8), which 
-1 
have a metabolizable-energy content of 5.13 kJ.g {Part 9), 
the energetic content of these meals would be between 1853.7 
kJ and 2601.9 kJ. 
Jackass Penguins with devices do not ~se significantly mor~ 
energy per foraging trip than free-swimming penguins (Mean 
-1 -1 
CO productions of 1.027 ml.g .h I ~.d Q.147, n: 5 and 
2 -1 -1 
0.992 ml.g .h , s.d 0.069, n = 8, respectively, t = 0.59, 
E > 0.05 (Data from Part 9)). If we assume that free-
swimming penguins and penguins w{th devices spend a .total of 
-1 
4.5 h swimming per day, and that they expend 212 kJ.h (Part 
9),. a total of 955 kJ is consumed in swimming. When this 
energy 
1137 kJ. 
expenditure is 
-1 -1 
bird .day 
added to the maintenance cost of 
(Part 9), the total energy expenditure 
-1 -1 
is 2092.5 kJ. bird .day Thus, the surplus energy 
available to chicks from free-swimming penguins would be 
509.4 kJ or 99 g of anchovy per day. Chicks younger than.five 
days require approximately 45 g of anchovy per day (Cooper 
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1977). Therefore, free-swimming adults with two chicks catch 
just enough anchovy for themselves and their chicks. Penguins 
carrying devices 10 % in cross-sect1onal area may return with 
food but they would have a-deficit of 238.8 kJ or 46.6 g of 
anchovy toward their own energetic costs 
additional chick requirements. 
CONCLUSIONS 
apart from 
Devices should have.as little mass as possible, but, more 
importantly, be designed so as not to alter significantly 
the streamlining of the animals being tested. Although 
direct comparisons with free-swimming animals are difficult, 
indirect tests, such as dietary intake, may be used to assess 
the effects of the devices. Alternatively, the results from 
the devices themselves may be used to correct for biases 
introduced by the devices. 
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DIFFERENTIAL DIGESTION OF FISH AND SQUID IN 
JACKASS -PENGUINS 
73 
Ornis Scand. (in press) 
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ABSTRACT 
Jackass Penguins were fed either fish, squid, or a mixture of 
the two and then stomach pumped at increasing time intervals 
after ingestion. The squid took longer to be evacuated from 
the stomach than the fish in all cases. This suggests that 
care must be exercised when interpreting bird diets using the 
volume or mass of stomach contents. 
7S 
INTRODUCTION 
Studies of the diet of seabirds often rely on stomach 
contents (e.g. Ashmole & Ashmole 1967, Croxall & Furse 1980, 
Volkman et al. 1980, Part 8) and assume that different food 
types are digested at similar rates. I studied the relative 
rates of digestibility of two major prey types, squid and 
fish, in the Jackass Penguin Spheniscus demersus. 
MATERIALS AND METHODS 
Ninety-six non-breeding Jackass Penguins were captured on the 
0 
morning of 7 November 1983 at Marcus Island (33 03 I I 
0 
17 S8'), Saldanha Bay, South Africa, and housed in well 
ventilated buildings with only seawater to drink until 
midnight, when SO birds were stomach-pumped using a wet-
offloading technique (Part 2), and found to be empty. The 
next day the birds were fed either squid Loligo reynaudi, 
anchovy Engraulis capensis or both. Twenty-six penguins were 
fed individual rations of SO g of fresh anchovy, 22 were fed 
100 g of anchovy, 22 were fed 100 g of fresh squid, and 26 
were fed a mixture of SO g of squid and SO g of anchovy. The 
mean length of the anchovy was 80.l mm (~.d. S.S, .!!. = 64) 
and mean mass 4.47 g (~.d. 0.27, n = 30). The squid 
consisted of rectangular pieces of mantle, with skin, cut to 
approximately the same size. The mean mass of squid pieces 
was 4.S9 g (~.d. 0.98, n = 30). 
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Two penguins from each group (50 g anchovy; 100 g anchovy; 
100 g squid; and 100 g mix) were stomach pumped immediately 
after being fed, as a control. A further two from each group 
were pumped every two hours for 24 h. The stomach contents 
were drained, weighed and sorted immediately. In the mixed 
samples, the anchovy and squid were weighed separately. The 
presence or absence of bile and otoliths in the sampJes was 
also noted. 
RESULTS 
In the birds pumped immediately after feeding there was no 
significant difference between the am·ount of squid and 
2 
anchovy recovered (X = 4.9, d.f. = 9, E > 0.05). 
Squid gained weight in the control penguins, possibly because 
the samples were extracted using water. I assume that squid 
in the other samples were similarly affected. Squid remained 
longer in the penguin stomachs than anchovy, in terms of both 
mass and numbers recovered (Figs 7.1 & 7.2). This was 
particularly evident in the mixed samples (Fig. 7.2). There 
was no obvious difference in digestion rates between 
birds with 100 g of anchovy and birds with 50 g of anchovy 
(Figs 7.1 & 7.2). Bile first appeared~in stomachs pumped 
' 
after 12 h in penguins that had been fed 50 g of anchovy and 
after 14 h in birds that had been fed 100 g of anchovy. Four 
of the samples that contained squid also had bile. Otoliths 
appeared in the samples from four to 18 h after feeding. 
Fig, 7.1 (a) Mean percentage mass of food recovered at 
increasing time intervals after ingestion (n = 2 for each 
point). 
(b) Mean percentage number of prey items reco-
vered at increasing time intervals after ingestion (n = 2 
for each point). 
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The times necessary for the four types of samples to be 
completely digested differed. In birds fed 50 g of anchovy 
this stage was reached at 10 h, the birds fed 100 g of 
anchovy reached it at 14 h and birds fed 100 g of squid 
reached it at 18 h (Fig. 7.1). In the birds fe~ a mixture, 
the anchovy component was completely digested at 12 h and 
the squid at 22 h (Fig. 7.2). 
DISCUSSION 
Davies (1956) found that 200 g of Pilchard Sardinops ocellata 
was almost completely evacuated from Jackass Penguin stomachs 
four hours after ingestion, and Duffy et al. (1985) found 
that radio-isotopes in freshwater fish Tilapia sparminii may 
be defaecated only six hours after ingestion. No comparable 
studies are available for squid. 
A study done in the 1950s showed that Jackass Penguins fed on 
21 % anchovy and five per cent squid (by mass) (Rand 1960). 
These results suggest that the five per cent for squid may be 
too high (cf. Part 8). 
Furness et al. (1984) noted that cephalopod beaks remained 
for extended periods in the digestive tract of a Blackbrowed 
Albatross Diomedea melanophris, whereas fish were digested 
completely. They suggest that these bias stomach contents in 
favour of cephalopods if only hard parts are examined. These 
data show that use of mass or volume to determine diet may 
result in disproportionate representation of squid, even when 
using soft prey remains rather than hard parts such as squid 
78 
beaks. Studies of seabird diet using relative prey mass or 
volume which do not take into account the differential 
digestibility of prey items may be misleading. 
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PENGUIN 
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ABSTRACT 
Jackass Penguins breed throughout the year but show seasonal 
breeding preferences. I examined the hypothesis that most 
birds breed at a time when chick growth is fastest and chick. 
mortality is lowest. By using the numbers of Jackass Penguin~ 
returning to their breeding colony per 24 h period as an 
index of the number. of birds breeding, I found that most 
penguins in the colony bred when chick growth was maximal and 
chick mortality was minimal. The diet of Jackass Penguins 
was determined by stomach pumping 556 birds. More than 95 % 
of their diet, by weight, consisted of pelagic schooling 
fish. The local abundance of these fish seemed to determine 
the breeding success of the Jackass Penguin. 
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INTRODUCTION 
Lack's hypothesis (1968), that birds breed at a time when 
food is most available so that chick growth rates are highest 
and chick mortality is lowest, is difficult to test because 
avian breeding seasons are generally confined to small 
portions of the year. 
Although Jackass Penguins Spheniscus demersus show definite 
breeding peaks (Cooper 1980, Duffy et~· 1984), they breed 
throughout the year and are a suitable species to test Lack's 
hypothesis. Penguin nests are readily accessible and adults 
and young can be caught without difficulty. The birds' diet 
can be examined without killing them (Part 2). 
Jackass Penguin diet (Rand 1960, Randall 1983) and growth 
(Cooper 1977a, Williams & Cooper 1982, Randall 1983) have 
been studied, but not simultaneously over a full annual 
cycle. This paper reports on the relationships between 
seasonality of breeding success, diet, and numbers of birds 
breeding. 
METHODS 
Between June 1980 and July 1981, I examined the stomach 
contents of 556 Jackass Penguins. These birds were caught as 
they returned in late afternoon or evening to their breeding 
0 0 
colony at Marcus Island (33 03', 17 58'), Saldanha Bay, South 
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Africa. They were stomach-pumped using a water-off loading 
stomach pump (Part 2). The water in the samples was drained 
and the contents weighed and sorted immediately. A minimum 
of 30 penguins was stomach pumped in August, and a maximum of 
70 in June 1981. The monthly mean was 46. 
Where possible, I measured the caudal length of fish and the 
mantle length of cephalopods directly. For more digested 
fish, I removed the otoliths and measured them using a 
graticule in a binocular microscope. The original length and 
mass of the fish were then calculated from otolith 
length/fish length and fish length/fish mass curves 
(Geldenhuys 1973, 1978, .Ross et al., 1979, Sea Fisheries 
Research Institute, unpubl. data). 
At Marcus Island, I placed a hide on a beach used by the 
penguins entering or leaving the sea. I conducted five 24 h 
hide watches at full moon (July, September, November 1980, 
and March and May 1981 (Part 10)) and counted the total 
numbers of Jackass Penguins arriving per 24 h period. During 
each watch the maximum number of moulting adult and juvenile 
penguins present in the be.a ch party was noted. 
At Marc~s Island, Jackass Penguin nests which contained eggs 
were monitored from June 1980 to May 1981 inclusive, and the 
fate of individual eggs followed by daily checks. Clutches 
consisted of one or two eggs. The total number of eggs 
monitored was 533. The maximum number of eggs examined was 
132 during June and the minimum number was nine during 
November. I could not standardize the number checked per. 
month because few birds breed at certain times of the year 
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(Cooper 1980, Duffy et al. 1984). The growth and fate of 
chicks hatching from 268 of these eggs were followed by daily 
checks and by recording culmen length and mass every second 
day. 
RESULTS 
At least 25 prey species were found in Jackass Penguin 
stomachs. Cape Anchovy Engraulis capensis was the most 
important prey item, with other pelagic schooling fish 
accounting for most of the rest of the diet (Table 8.1). The 
relative importance of anchovy in the diet decreased in March 
and April with a corresponding increase of other prey species 
(Fig. 8.1). 
The smallest prey item was a three millimetre octopus Octopus 
sp. and the largest was a 310 mm Snoek Thyrsites atun. Such 
values are exceptional, 90 % of all prey being between 50 mm 
and 115 mm long. The mean length of anchovies taken by 
Jackass 
dropped 
8. 2) • 
Penguins increased from July to December 1980 then 
until February 1981 before increasing again (Fig. 
The numbers of penguins returning to the island during 
the 24 h hide watches were highest in March and July and were 
lowest in November (Fig. 8.3). Most Jackass Penguins moulted 
in November (Fig. 8.3). 
Table 8.1 Abundance of major prey species in the diet of the Jackass 
Penguin. 
PREY 
% mass % no. % frequency 
Anchovy Engraulis capensis 80.0 59.7 85.3 
Jack Mackerel Trachurus trachurus 4.1 7.3 21.0 
Round Herring Etrumeus ~ 2.9 3.9 19.6 
Sandcord Gonorhynchus gonorhyncus <l.O 2.6 8.9 
Silverside Atherina breviceps 1.5 2.1 7.8 
Pilchard Sardinops ocellata <l.O . <l.O 5.1 
Squid Lolliguncula spp. & Loli go spp. l.O 5.3 28.8 
Octapus Octapoda 
<l.O 3 .o 9.6 
Pipef ish Syngnathus acus <l.O 2.7 1.8 
Fish larvae (Unidentified) <l.O 3.8 5.4 
Garfish Scomberesox saurus 2.1 <l.o 1.1 
Snoek Th;):'.:rsites ~ 4.7 <l.O <l.O 
Fig. 8.1 Monthly variation in the abundance of different 
prey species in the diet of the Jackass Penguin. 
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Of the 533 eggs examined, 216 (48.4 %) failed to hatch. Of 
these 29 (5.2 %) were deserted, 22 (4 %) were addled, 
40 (7.2 %) were crushed or ejected, and 125 (22.6 %) 
disappeared. Most eggs w~re probably taken by Kelp Gulls 
Larus dominicanus which are important predators of eggs and 
chicks (Cooper 1974). 
Only four chicks hatched in November and none fledged 
successfully. The minimum number of succesfully fledged 
chicks per month was three, in December and January, the 
maximum _number was 53 in June 1980. The mean fledging time 
for all chicks was 79.4 d (~.d. 8.4, range 61-114). At 
independence, they had a mean mass of 2.68 kg (~.d. 0.44) 
and a mean culmen length of 46.8 mm (~.d. 2.8). The mean 
chick growth curves (for culmen length and mass) are shown in 
Figure 8.4. Chick growth varied seasonally (Fig. 8.5). 
There was a significant decrease in culmen and mass growth 
rate from June to February (Culmen t = 6.67 > 2, E < o.o5, 
d.f = 60; mass, t = 4.56 > 2, E < 0.05, d.f = 60) before 
rising again until May. Chicks grew slower during the 
summer. 
One hundred and twenty-one of the 268 chicks that hatched 
failed to fledge (45.1 %). Starvation accounted for 68 deaths 
(25.4 %)·; 15 (5.4 %) drowned, or died of exposure in heavy 
rains and 36 (13.4 %) died for other reasons such as 
wandering from the nest, getting stuck in rock crevices, or 
being eaten by Kelp Gulls. 
Chick mortality is highest in younger birds (Fig. 8.6). Chick 
2 
mortality varied with season (~ = 25.8, E < o.o5, d.f. = 
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11) • Mortality was significantly higher than the annual 
mean during November to February and significantly lower than 
the annual mean in March to June (Fig. 8.7). 
DISCUSSION 
Intraspecif ic variation in the growth rate of birds has been 
found to differ between seasons (Harris & Hislop 1978), 
areas (e.g. Birkhead & Nettleship 1981), brood sizes (e.g. 
Perrins 1965), weather cpnditions (e.g. Lack 1956), and as 
a result of sibling competition (e.g. Ricklefs 1965). These 
factors may alter the quality or quantity of food received 
by the young. Ricklefs (1979) considers that the growth rate 
that typifies each species is determined by the young growing 
at a physiologically maximum speed. Although he dismisses 
nutrient limitations by stating that many birds with high 
protein diets grow slowly (Ricklefs 1979), he suggests that 
the slow growth of fish-feeding boobies may be due to a 
shortage of amino acids such as methionine or cysteine 
(Ricklefs 1979). 
The substantial intraspecific variation in growth rates of my 
results (e.g. Fig. 8.5) and in other studies of Jackass 
Penguin growth (e.g. Elanskaya 1946, Wackernagel 1952, 
Cooper 1977a, Heath & Randall 1985) suggests that nutrient 
limitation (e.g. Ainley & Schlatter 1972, Boersma 1976) 
rather than genetic differences accounts for differing 
growth patterns. 
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fig, 8,7 Monthly Jackass Penguin chick mortality. Conti-
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The increase in chick growth rates in March and April 
(Fig. 8.5) coincided with a drop in the relative·abundance of 
If'\ -t"~Cl.'\. ( J..,,U-S 
anchovyA (Fig. 8.1). There may have been an actual increase in 
availability of non-anchovy prey because a decrease in 
anchovy availability would have reduced chick growth rate. 
It seems unlikely that the abundance of eight non-anchovy 
prey should all rise simultaneously. However, upwelling is 
seasonally predictable in the Benguela current (Andrews & 
Hutchings 1980) and at least some of the prey species show 
strong seasonal variation in behaviour and distribution 
(Crawford 1980). The Cape Pilchard, Cape Anchovy, African 
~o~~e.;.. Mackerel Trachurus trachurus, Round Herring Etrumeus 
teres and Snoek all spawn in the spring and summer (Nepgen 
1979, Crawford 1980) so that the larvae hatch and grow 
during intense upwelling when nutrients stimulate plankton 
production (Crawford 1980). The growth of juvenile anchovy, 
which appear first in the diet in January, can be seen in the 
anchovy length/frequency distributions (Fig. 8.2), and the 
juveniles of many other species are also present in greatest 
numbers along the west coast during autumn (Crawford 1980). 
This sudden increase in -abundance of young fish may account 
for the change in Jackass Penguin diet. 
The decrease in chick growth rate from September to February 
(Fig. 8.5), may reflect a decrease in the quality or quantity 
of food. I have no quantitative data on the weights of food 
brought back by the adults during the year so I could not 
distinguish between the two possibilities. However, 
mortality of chicks due to starvation was very much higher 
during this period (Fig. 8.7) suggesting a reduction in the 
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quantity of food brought back. There was little change in 
the species' composition of the diet from September to 
February, the prey being almost exclusively anchovy (Fig. 
8.1). Prey availability probably decreased durin~ the latter 
half. of the year, since much of the anchovy population is 
known to move south and is found in large numbers east of 
Cape Point during the summer (Crawford 1981). Also at that 
time, the anchovy aggregate to spawn (Shelton & Hutchings 
1981). Such aggregations would make anchovy a less 
predictable food source for the Jackass Penguin with its 
limited foraging range during breeding (Parts 10 & 13). 
Jackass Penguins come ashore to moult and to breed (Randall & 
Randall 1981). During the 18 d of moult the penguins remain 
on land (Cooper 1978). Post moult birds go. to sea for 
between one month (Randall & Randall 1981) and four months 
(unpubl. data) before returning to breed. Before laying, 
Jackass Penguins spend 21 d, on land nest building and only 
going to sea infrequently at this time (Randall & Randall 
1981). Incubation shifts are about 24 h and the non-
incubating bird goes to sea (Cooper 1980). When the eggs 
hatch, after 37 d (Williams & Cooper 1984), one member of the 
pair goes to sea during the day whilst the other guards the 
chicks -·(Rand 1960, Part 14). The couple alternate tasks. 
When the chicks have fledged the adults may leave the island 
for up to four months (unpubl. data) through a few return to 
attempt a second breeding (unpubl. data). Thus, I consider 
that the number of penguins arriving at the beaches per day 
is a rough estimate of the number of birds breeding. Highest 
numbers of penguins were arriving in late autumn, falling off 
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rapidly aftei that (Fig. 8.3). An autumnal peak of nesting 
has been observed by Duffy et ~· (1984) at Marcus Island in 
other years. 
The timing of the moult may be critical to Jackass Penguin 
survival. Both immature and adult penguins moult in November 
suggesting that this is the most favourable time to moult 
irrespective of any breeding preferences. However, penguins 
breeding in November have very high chick mortality implying 
that ideal feeding conditions for post-moult penguins are 
very different to ideal feeding conditions for penguins with 
chicks. Although the large aggregations of anchovy at the end 
of the year make a less predictable food source for a Jackass 
Penguin which must return daily to its chicks, these shoals 
are perhaps a better food source for a non-breeding post-
moul t penguin which can remain with the shoal, once 
encountered, in order to improve body condition as rapidly as 
possible. 
Adults may breed when food is most easily available to avoid 
endangering themselves. If this were true it is unlikely that 
a breeding peak would coincide exactly with maximum chick 
growth and minimum chick mortality; however, it is impossible 
to differentiate coriclusively this hypothesis from Lack's 
since the optimum time for chick growth and survival may also 
be the optimum time for adult survival. 
Jackass Penguins may time their breeding so that the young 
become independent when food is most available. At present 
this is impossible to test since there ~rsc- little data on 
Jackass Penguin fledgling feeding habits. Irrespective of 
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other selective advantages my data show that, during the year 
under consideration, .most Jackass Penguins at Marcus Island 
bred at a time when chick growth was maximal and chick 
mortality was minimal in accordance with Lack's hypothesis • 
• 
At any given island, Jackass Penguins sho~ distinct 'breeding 
peaks that vary little from year to year (Rand 1960, 1963a, 
1963b, Cooper 1980, Randall & Randall 1981, Duffy et al. 
1984). This is presumably a response to local fish stocks. 
At Mercury, Ichaboe and Possession Islands, South West 
Africa/Namibia, in the nor~h of the breeding range, Pelagic 
Gaby Sufflogobius bibarbatus is the most important prey item 
(Crawford & Shelton 1981) and Jackass Penguins breed in large 
numbers during November, December and January (Rand 1963b, 
Cooper 1980, D. Duffy, pers. comm., pers. obs). In the south 
western Cape (Saldanha Bay to Dyer Island), where the 
penguins eat principally anchovy, the breeding peak is in 
May, June and July, with minor differences between islands 
(Cooper 1977b, Cooper 1980, Duffy et al. 1984, FitzPatrick 
Inst. unpubl. data). In the most eastern part of the breeding 
range at St Croix Island, Algoa Bay, the main breeding peak 
in April, May and June is probably related to an eastward 
winter movement of the pilchard (Randall & Randall 1981). At 
any time of the year, Jackass Penguins are breeding in 
substantial numbers somewhere in their range and there are 
always a few birds breeding on every island. The few birds 
that breed at an apparently non-optimal time (e.g. at the end 
of the year on Marcus Island) may be failed breeders laying 
replacement clutches (Randall & Randall 1981), immigrants 
from another island responding to a different breeding cycle, 
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or penguins breeding in response to past fish abundances 
which have changed recently due to overfishing by man. 
The breeding success of the species throughout the range 
depends on temporal breeding flexibility in response to local 
food conditions. The ability to breed throughout the year in 
this manner appears to occur in two other Spheniscus species, 
the Humboldt Penguin Spheniscus humboldti (Murphy 1936, c. 
Hayes in litt. 1983) and the Galapagos Penguin Spheniscus 
mendiculus (Boersma 1976). 
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ABSTRACT 
Rates of co production by breeding Jackass Peng~ins (mean 
2 
mass 3170g) were measured by using doubly labelled water. 
Time budgets wer~ estimated from behavioural observations, 
and energy budgets were calculated for a typical two-day 
period of 24 h sitting on a nest and 24 h off the nest (which 
includes nine hours foraging at sea). Distances travelled at 
sea were determined by using speed/time meters harnessed to 
five birds containing doubly· labelled water, and these 
measurements were used to calculate the energetic costs of 
swimming. 
Field metabolic 
-1 -1 
rates (as CO production) averaged 0.991 
2 ~l -1 
ml.g .h , or (in energy units) 3890 kJ.penguin .2d • 
Energy expenditures were 1.7 times the standard metabolic 
rate (SMR) while brooding, 6.6 x SMR while foraging, 
9.8 x SMR while swimming underwater, and 2.6 x SMR integrated 
over a two-day period. Penguins spent approximately 48 % of 
their energy budget and 19'. % of their time budget to obtain 
food. Foraging efficiency (the metabolizable energy gained 
while foraging divided by the energy used during foraging) 
was 2.1 for birds with small chicks. Fresh mass 
consumption rates calculated on the basis of the 
chemical composition of Cape Anchovy Engraulis capensis 
-1 -1 
were approximately 758 g.penguin -.2 d for adults brooding 
small chicks, and approximately 76 kg of anchovy per- nest 
(two adults, two chicks) over a 70-d nestling period. An 
adult penguin would need to capture about 138 kg of fish per 
99 
year. The 160,000 penguins using the South African fishing 
7 
grounds would consume about 2.21 x 10 kg of fish per year, 
7 
of which approximately 80 % or 1.17 x 10 kg would be Cape 
Anchovies. This is about 8 % of the average commercial 
anchovy catch in that area. 
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INTRODUCTION 
Jackass Penguins Spheniscus demersus are one of the major 
natural predators of small, schooling fish along the coast of 
southern Africa {Furness & Cooper 1982). The numbers of 
Jackass Penguins have decreased severely during the 
last SO y, initially be~ause of human predation on eggs and 
adults as well as guano collecting, and, more recently, in 
apparent response to pollution and to competition with the 
commercial fishing industry {Frost et al. 1976b,, Cooper 
1980). Analysis of the degree of competition between 
penguins and fishermen requires knowledge of the kinds and 
amounts of fish captured by each of these predators. Amounts 
of food consumed by penguins depend primarily on their 
numbers and on their energy requirements. The energy budgets 
of free-living Jackass Penguins were studied at Marcus Island 
to estimate the birds' rate of food consumption. Field 
metabolic rates {FMRs) and water influx rates were measured 
by using doubly labelled water {Lifson & McClintock 1966,, 
Nagy 1980), and time budgets determined by observation. 
Jackass Penguins may be found breeding at almost any time of 
the year, but breeding activity is highest in the austral 
fall {Rand 1960, Randall & Randall 1981, Part 8). The normal 
clutch contains two eggs {Williams & Cooper 1984). One 
parent remains at the nest with the chicks when they are 
small, and the other parent forages during daylight hours 
only; parents switch roles each evening. When chicks weigh 
about 1.5 kg or more, both parents may forage simultaneously, 
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returning to the nest at intervals of one to 10 d (Rand 
1960). The chicks fledge between 70 and 80 d (Part 8), 
though this is quite variable. At Marcus Island, where the 
study was done, Jackass Penguins feed predominantly on Cape 
.Anchovies Engraulis capenais (Part 8), which are captured in 
the open sea at about nine kilometres from the island 
(Part 13). 
MATERIALS AND METHODS 
0 0 
Jackass Penguins living on Marcus Island (33 03'S, 17 58'E) 
in Saldanha Bay, South Africa, were studied during August 
1981. Many of the penguins were breeding at that time (Part 
8). Metabolic rates (CO production) and water flux rates 
2 
were measured via doubly labelled water (Lifson & McClintock 
1966, Nagy 1980, Nagy & Costa 1980) in both members of 
breeding pairs. Time budgets were estimated by ~ecording 
birds' presence or absence at their nests. Distances swum 
during foraging bouts were estimated using speed meters 
harnessed to penguins. These results were used to estimate 
daily energy budgets and food requirements. 
Five pairs of penguins with recently hatched chicks were 
selected for study. Previous experience indicated that 
penguins were most predictable in their behaviour at that 
stage of reproduction. Nests chosen were protected by rocks 
on two or three sides so that adults would be unlikely to 
flee after being handled and released. At 13hOO, about 
five hours before their mates would normally relieve them, 
the five brooding birds were each given nine millilitres of 
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water containing 97 atoms 0-18 per hundred atoms of oxygen, 
111 MBq of tritium, and 0.9 % NaCl. The birds were lifted 
slightly off their nests, and the water was injected into the 
pectoral muscle. They were individually marked ~ith picric 
acid. At least two hours later, the birds were removed from 
their nests and weighed to the nearest five grams on a Pesola 
spring scale; culmen lengths were measured to the nearest O.l 
mm to determine sex (Cooper 1972). A blood sample 
(approximately two millilitres) was taken from a vein in a 
foot before the birds were returned to their nests. That 
evening, after the ~ark~d birds had been replaced on the 
nests by their mates, th.is procedure was repeated on the 
unmarked penguins, so that both members of the pair were 
marked. Each day for the next four days, the marked penguins 
were recaptured, weighed, and sampled on the nests in ·late 
afternoon, and again in the evening after the mate change-
over. This procedure yielded measurement intervals covering 
brooding bouts only, as well as periods off the nest that 
included foraging. 
Isotope levels in water distilled from blood samples were 
measured by liquid scintillation spectrometry (for tritium) 
and by proton activation analysis (for 0-18; Wood et al. 
(1975))~ Rates of CO production were calculated by using 
2 
Equation two in Nagy (1980), and water flux rates were 
calculated by using Equation four in Nagy and Costa (1980). 
Body water volumes were estimated at initial capture from 
dilution of injected 0-18 (Nagy 1980). Water volumes at 
recaptures were calculated as initial fractional water 
content times body mass at recapture. 
103 
Swimming metabolism 
Distances that penguins_swum during daily foraging periods 
were determined from speed meters harnessed to the birds 
(Part 5). Meters were mounted on two previously injected 
penguins (after the measurements described above 
completed) just before they were relieved at the nest. 
were 
Four 
additional penguins were marked, injected as above, and 
fitted with speed meters. Metabolic rate during swimming was 
estimated by using regression analysis of field metabolic 
rates and distances travelled. 
Time budget 
Individually marked nests were checked several times each day 
to determine which individually marked penguins were present 
and which were not. Time budgets of penguins that were away 
from their chicks were estimated by using autoradiographic 
techniques (Parts 4 & 5). The speed meter gave the total 
time per day that the penguins spent underwater at "normal" 
travelling speeds. A depth gauge (Part 4) gave the total 
time spent at each depth underwater and hence the total time 
spent foraging (Part 4). The travelling and foraging times 
were subtracted from the total time spent at sea to give the 
total time spent on the surf ace. 
Energy budget and feeding rates 
Daily budgets were calculated using time budgets, field 
metabolic rates, and an estimate of the standard metabolic 
rate (SMR). Metabolic rates were converted from units of CO 
2 
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-1 
production to joules by using the factor 25.8 J.ml This 
factor was calculated from the chemical composition of 
anchovies (72.7 % water,. < 0.5 % carbohydrate, 19.7 % 
protein, and 5.2 % fat; South African Fisheries Industrial 
Research Institute 1980). It is assumed that penguins ate 
only Cape Anchovies during this study (Part 8), and that 
fractional assimilations of protein and fat were the same. 
Energy equivalents for protein and fat are from Schmidt-
Nielsen (1975). Carbohydrate content was assumed to be 
negligible. 
Rates of food consumption required to provide the energy that 
adults used for metabolism were calculated by using values 
for diet energy content and energy assimilation 
-1 
efficiency (Cooper 1977). Anchovies contain 24.1 kJ.g (dry 
weight), of which 77.9 % is metabolizable by adult penguins. 
With a water content of 72.7 % (see above), anchovies contain 
-1 
metabolizable energy of 5.13 kJ.g of fresh matter. 
Statistics 
Two-tailed t tests were used to assess -the significance of 
differences between means. Results are reported as mean and 
standard error. The regression line in Figure 9.1 was 
calculated using the method.. of least-squares linear 
regression. Other statistical procedures are explained 
below. 
RESULTS 
Body mass, CO production, water influx 
2 
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Mean body mass of the 10 brooding adults was 3170 g (Table 
9. 1) • Female penguins had significantly (£ < O.Ol} lower 
masses than males. However, there were no significant 
differences (£'S > 0.05) between males and females in their 
mass-specific rates of body mass change, CO production, and 
2 
water influx. Accordingly, in subsequent calculations we 
used the mean mass of 3170 g to represent body mass of a 
representative adult Jackass Penguin. 
While sitting on nests, penguins lost body mass; they gained 
body mass while foraging away from the nest (95 % confidence 
intervals of mass change rate in Table 9.1 do not include 
zero in either case). Overall (from beginning to end of the 
four-day measurement period) , penguins lost mass at a slight 
but significant rate. This may have been because the sample 
included animals that stayed on their nests longer than 24 h 
in some instances, or because our manipulations had some 
effect on their feeding behaviour, or because the remote-
sensing speed meters reduced foraging efficiency (Part 6). 
Rates of CO production by penguins while off their nests 
2 
(includes foraging periods) were approximately two times 
higher than during brooding periods (£ < 0.01). The overall 
metabolic rates (and water influx rates) shown in Table 9.1 
were calculated using isotope measurements from only the 
first and last blood samples (three to five day measurement 
periods). 
Table 9. 1 Metabolic rate, total water influx, and body mass change in brooding pairs of _,ackass Penguins on Marcus 
Island, 17-22 August 19111. 
co · production Water influx 
2 
-1 
-1 -1 
-1 -1 Mass change rate (\. d ) (ml .g .h ) (ml. kg .d Mean 
Bird mass While wn1le While While While wrule no. Nest Sex (g) Overall on ne.st off nest overall on nest off nest Overall on nest off nest 
1 A F 2900 0 
-3.S4. +1.07 l .0_40 o. S09 1. 20 ~05.1 11. 9 133 
2 A M 36SO 
-1. 31 -10.2 +11. 2 1.001 0.601 2.02 99.2 99.2 201 
3 B F 27So 0 
-8.4S +s.os 1.012 o.731 1,07 119.0 22.0 139 
~:.J 
4 B M 3560 
-2.07 
-6.00 +1.66 LOSS. o; 84 6 1.28 62.2 19.3 103 
5 c F 3050 
-1.45 
-5.97 +1. 79 0.950 0.626 1.17 70.2 6.2 116 
6 c M 3430 
-0.44 3.16 +0.30 o.916 o. 506 1.03 50.2 8.8 62 
7 D M 3190 +o. 36 
-3.34 +1.09 1.118 0.831 1.17 lOS. 7 31.0 120 
8 D F 3120 
-1.09 -6.99 +4.43 0.889 o. 694 1.07 91.8· 24.5 155 
9 E M 3460 
-1.0l -3.12 
-0.60 0.943 o. 343 1.06 112. 9 4.7 134· 
10 E F 2580 
-1. 56 -2.81 
-o. 41 o.981 0.675 1. 20 90.6 21.0 158 
Mean 31-70 -0.86 
-5.36 +2. 56 0.991 o.636 1. 23 90. 7. 17.7 132 
' 0.022 0:049 !·!· 110 0. 25 0.82 1.13 0.09 7.2 2.9 12 
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Rates of water influx were highest (£ < 0.01) when penguins 
were off their nests (Table 9.1). During these non-brooding 
periods, water influx rates were positively related to 
metabolic rates (least-squares regression analysis; 
F = 6.12, £ < 0.05). Body water contents averaged 
(1. 8) 
·55.8 %, by mass (!.E. = o.6 %, n = 10 birds). 
Metabolic cost of swimming 
Of the five penguins fitted with the velocity meters, four 
swam between 10 and 28 km, and one did not swim (Table 9.2). 
The film in the meter on the sixth bird was ruined by a leaky 
seal. The measurements of swimming speed and time relate 
only to high-speed swimming that penguins used while 
commuting between their feeding areas and the island, and 
while diving. The meters did not record the low-speed 
-1 
swimming (below approximately 1.5 km.h ; Part 13) associated 
with floating and milling about on the sea surface. The 
results were combined in Table 9.2, with metabolic rate 
values of brooding penguins (Table 9.1; swimming distance = 
0) in a regression analysis of field metabolic rate (FMR) 
upon distance swum per day (Fig. 9.1). The regression is 
highly significant (F 
' -(1.15) = 13.5, £ < 0.005), and the line 
is described by the equation 
-1 -1 
y = 379 + 13.0x, where y is 
FMR (kJ.km .d ) and x is distance travelled 
-1 
(km. d ) • 
-1 -1 
kJ.kg .km 
The 
slope of this line (13.0) has the units The 
slope can be used as an estimate of the metabolic cost of 
swimming, above the maintenance cost (intercept of the line) 
-1 -1 
of 379 kJ.kg .d Because the sample size for swimming 
penguins is small, these are only crude, preliminary 
Table 9.2 Swimming speed, time, distance, and metabolic rates of Jackass Penguins fitted with 
speed meters. 
co 
2 
production 
Mean Measurement rate Swimming Swimming Distance Bird mass interval speed time 
-1 -1 
-1 
no. Sex (g) (d) (ml. g .h (km.h ) ( h) (km) 
( 7.6 1. 5 ) "' 4 M 3430 1. 29 1. 44 ( ) 23.5 
( 6.75 1. 8 ) 
6 M 3400 1. 32 1.116 5.8 4.3 24.9 
11 M 3290 2~28 0.943 6.6 4.2 27.7 
13+ F 2840 1. 29 0.807 5.2 4.7 24.4 
13+ F 2750 1. 28 
/ 
1.125 5.75 1. 85 lo •. 6 
16+ F 2780 1. 98 0.748 0 0 0 
16+ F 2700 1. 29 0.467 0 0 0 
"' This animal swam at two different speeds during one measurement period. 
+ Measurements were made over two separate, but sequential, intervals for both animals 13 and 16. 
Fig. 9.1 Relationship between field metabolic rate (measu-
red with doubly labelled water) and distance travelled on 
foraging trips (measured with speed/time meters) by Jackass 
Penguins breeding on Marcus Island. The line is the least-
squares regression line, where y is the field metabolic rate 
(kJ,kg-l.d-l) and x is the distance travelled (km.d- 1 ). The 
-1 -1 -1 -1 
slope of the line has the units kJ.kg .d .(km.d ) , which 
-1 · -1 
reduces to kJ.kg .km , 
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estimates of swimming and maintenance-at-sea costs. 
Time budget 
The marked penguins usually spent 24 h on and 24 h off their 
nests; changeover occurred near sunset. Brooding pairs 
generally remained on their nests continuously until relieved 
by their mates. "Off-duty" birds spent an average of nine 
hours at sea and 15 h resting (standing, or more often, lying 
down) in groups near the nesting area and near the shore. 
Time at sea consisted of 3.95 h travelling to and from 
foraging areas (including 2.77 h swimming underwater and 
1.18 h resting on the surface) and 5.05 hat the feeding area 
(including 1.3 h diving for food and 3.75 h resting on 
the surface). Thus, total time swimming underwater averaged 
4.07 h, and resting time on the surface averaged 4.93 h. 
Energy budget 
The time budget was combined with FMR measurements to 
estimate an energy budget for a two-day period in August 
(Table 9.3). Overall metabolism (measured as CO production) 
-1 -1 2 -1 
for two days would be 0.991 ml.g .h x 25.8 J.ml x 3170 g 
-1 
x 48 h = 3890 kJ.animal One of these days was spent 
brooding, so energy expenditure for this would be 
-1 -1 -1 
0.636 ml.g .h x 25.8 J.ml x 3170 g x 24 h = 1250 kJ. 
-1 
animal • Energy metabolism during the 24 h off the nest 
-1 
would be 3890 - 1250 = 2640 kJ.animal • It is assumed that 
the metabolic rate of a penguin that is off its nest but 
resting (usually lying down) on land is the same as when it 
is incubating on its nest, and thus that component of the 
Table 9.3 Energy budget of a representative, breeding 3.170-kg adult. 
Jackass Penguin during a typical two-day period in August. 
Energy 
Time expenditure 
(h) (kJ.bird-1) 
Sitting on nest 24. 0 1250 
Off nest 
Resting land 15.0 780 ' on 
At sea 
Resting on surface 4.93 600 
Swimming underwater 4 .07 1260 
Subtotal, at sea ( 9 .o 1860 
Subtotal, off nest 24.0 2640 
Grand total 48.0 3890 
,. 
' 
. ·· 
, · 
./ . 
,. 
I 
' ~. 
energy budget is estimated 
-1 
-1 -1 
to be 0.636 ml.g .h x 
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25.8 
J.ml x 3170 g x 15 h = 780 kJ. Hence, energy expenditure 
-1 
while at sea would be 2640 - 780 = 1860 kJ.animal 
metabolic cost of swimming is approximately 13.0 kJ.kg 
-1 
The 
-1 
.km 
-1 -1 
above the maintenance cost of 379 kJ.kg .d (Fig. 9 .1) • A 
penguin swims an average of 4.07 h (see Time Budget) at an 
-1 
average velocity of about 6.3 km.h (~.E. = 0.35, n = 6, 
calculated from Table 9.2), so average distance travelled per 
day is 4.07 x 6.3 = 25.6 km. The total energy expenditure 
while swimming would be the sum of the cost of travel 
(above the at-sea maintenance level; intercept in Fig. 
-1 -1 
9 .1) 
and the maintenance cost, or 
-1 -1 
25.6 km) + (379 kJ.kg .d 
(13.0 kJ.kg .km x 3.170 kg x 
-1 
x 3.170 kg x 4.07 h x 1 d.24 h ) 
= 1260 kJ. Energy expenditure while resting on the surface 
of the sea is the difference between total at-sea and 
swimming metabolism, or 1860 - 1260 = 600 kJ~ 
DISCUSSION 
Energy expenditures 
The standard metabolic rate (SMR) of Jackass Penguins has not 
yet been measured. Lasiewski & Dawson's (1967) equation for 
nonpasserine birds was used. to predict that a 3.17 kg penguin 
-1 -1 
would have an SMR of 754 kJ.d or 31.4 kJ.h Thus, free-
living Jackass Penguins have FMRs that are about 2.6 times 
SMR (two-day average), 3.5 times SMR on days when they are 
off their nests, and 1.7 times SMR when brooding for 24 h. 
These ratios are similar to those for other birds measured to 
date: 2.4-3.9 for breeding House Martins Delichon urbica 
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(Hails & Bryant 1979, Bryant & Westerterp 1980), 1.7-2.4 for 
nonbreeding and 2.7-3.2 for breeding Purple Martins Progne 
subis and Mockingbirds Mimus polyglottos (Utter 1971, Utter & 
LeFebvre 1973), and 2.6 for Phainopeplas Phainopepla nitens 
during the breeding season (Weathers & Nagy 1980). Thus 
Jackass Penguins do not appear to have an unusually low or 
high FMR, according to this limited comparison. Penguins 
have increasingly higher energy expenditures as their chicks 
grow larger and consume more food (Part 14). The adults used 
in this study fed only small amounts of food to their newly 
hatched chicks. 
The most' active portion of a two-day period for Jackass 
Penguins is when they are at sea. Metabolic rates integrated 
over the nine hours at sea are about 6.6 times SMR. This is 
much higher than the mean value of 2.8 times SMR for King 
Penguins Aptenodytes patagonica foraging continuously at sea 
for four to eight days (estimated indirectly by Kooyman et 
al. (1982) from water-influx measurements). When they are 
actually swimming, Jackass Penguins have estimated metabolic. 
rates nearly 9~8 times SMR. This is similar to birds and 
bats flying in laboratory wind tunnels (9.5-14.9, average of 
about 12; summarized by ·Bartholomew (1982) & Hails (1979) and 
in free-flying pigeons (13.4; LeFebvre 1964), and is much 
higher than in fr~e flying hirundines and swifts (2.9-5.7; 
Hails 1979) and Sooty Terns (4.8; Flint & Nagy 1984). This 
similarity to other birds is not surprising, because Jackass 
Penguins are essentially "flying" when they are swimming 
underwater. 
Furness & Cooper (1982) present a bioenergetics model, based 
110 
on the allometric equations for maintenance and activity 
metabolism of Kendeigh et al. (1977), for predicting the FMR 
of Jackass· Penguins and other seabirds. Their model was used 
to predict that a Jackass Penguin weighing 3170 g (Table 9.1) 
0 
and exposed to an ambient temperature of 15 C (the average of 
minimum and maximum air temperatures during our study) would 
-1 
have a maintenance metabolic rate of 1170 kJ.d 
-1 
I and would 
spend 309 kJ.h 
-1 
and 34 kJ.h 
above maintenance while swimming underwater, 
above-maintenance while swimming and floating 
an the surf ace. Combining these values with the time budget 
-1 
yields: maintenance 
-1 
(1170 kJ.d x 2d) + underwater swimming 
-1 (309 kJ.h x 4.07 h) + surface activity (34 kJ.h 
-1 -1 
x 4.93 h) 
= 3760 kJ.animal .2 d This value is only three per cent 
lower than 
-1 
kJ.animal .2 
the doubly labelled water measurement of 
-1 
3890 
d (Table 9.3). This close agreement lends 
confidence in both methods, which differ considerably in 
their approach and assumptions. 
Feeding rate 
The amount of food needed to satisfy the observed 
metabolic energy expenditures of adults can be calculated as 
follows. The metabolizable-energy content of the fresh tissue 
-1 
of anchovies is 5.13 kJ.g (see above), so fresh-matter 
consumption per 
-1 
kJ.penguin (Table 
-1 -1 
g.penguin .2 d 
two-day period is estimated to be 3890 
-1 
9.3) divided by 5.13 kJ.g = 758 
Hand-fed with fresh fish, penguin chicks 
-1 
consumed approximately 500 g.d when they were 40-70 d post-
hatching and growing rapidly (Cooper 1977). This is somewhat 
-1 
higher than our estimate of 356 g.d for adults, which were 
not growing. 
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The estimate of feeding rate can be checked by calculating 
the water input rate associated with this feeding rate, and 
comparing it with water influx measured by usinq tritiated 
water. With a water content of 72.7 %, the preformed water 
-1 
provided by anchovy tissue is o.721 ml.g fresh mass. The 
"metabolic" water obtained through oxidation of the 
metabolizable carbohydrate, protein, and fat in fresh anchovy 
-1 
tissue would be 0.133 ml.g fresh mass (conversion factors 
from Schmidt-Nielsen 
-1 
(1975)), for a total water yield of 
0.860 ml.g 
be 758 g.animal 
Thus, water input from fresh food alone would 
-1 -1 
= 652 ml.animal .2d • 
-1 -1 -1 
• 2d x o.860 ml.g 
-1 -1 
ml.kg .d , ·which 
-1 
about 13 % higher than the measured value of 90.7 ml.kg 
water imput is equivalent to 103 The 
.d 
is 
-1 
(Table 9.1). This difference may reflect an overestimate in 
the water content of food actually consumed by the penguins 
in this study. Also, the overall water influx rate in Table 
9.1 may be slightly lower than the steady state value, 
because penguins were losing body mass slightly during the 
study measurements (Table 9.1). This comparison Suggests 
that the estimate of feeding rate based on energy metabolism 
is reasonable. Also, ·it indicates that total water input can 
be accounted for by food input alone, suggesting that Jackass 
Penguin$ do not swallow much sea water while foraging. 
This feeding rate represents only that required to meet the 
metabolic needs of the adults, and does not include the food 
given to their young. Cooper (1977) estimated that a Jackass 
Penguin chick would consume a total of 11.5 kg of fresh 
anchovies during the 70 d from hatching. to fledging. In a 
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nest in which two chicks were fledged, a pair of adults would 
supply 23.0 kg of food to their offspring over 70 d. For 
-1 -1 
themselves, the adults would require 758 g.animal .2 d x 2 
animals x 70 d = 53.1 kg, so total food consumption would be 
76.1 kg of anchovies per nest per 70 d. 
Foraging efficiency 
Foraging efficiency can be defined as the ratio of 
metabolizable energy gained while foraging to energy used 
while foraging. The results of this study permit the 
estimation of the foraging efficiency of Jackass Penguins 
while they were brooding small chicks. The foraging 
efficiency of non-breeding penguins can also be estimated by 
making some assumptioris about their. time and energy budgets.· 
Breeding Jackass Penguins spent only 1.3 h actually diving 
for food during a foraging trip, but the entire nine hours at 
sea was the effective total time devoted to foraging during 
the two-day period. The energy expenditure of each animal 
during this nine hours at sea was estimated to be 1860 kJ 
(Table 9. 3). For a breeding penguin to maintain itself, it 
would have to consume enough metabolizable energy during this 
trip to equal its total metabolic expenses for two days (3890 
kJ) • Thus, foraging efficiency for a penguin with nestlings 
would be about 3980/1860 = 2.1. 
When the Jackass Penguins are not breeding, they spend 
much time at sea without returning to land. Thus, they live 
without having to pay the metabolic cost of commuting 
between the fishing area and the island. Assuming that 
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the energy expended by a resting penguin at sea is 379 
-1 -1 
kJ.kg .d (intercept in Fig. 9.1), and that the actual 
foraging period for a two day stretch is 1.3 h, during which 
-1 
the bird's metabolic rate is 309 kJ.h (cost while swimming 
underwater, from Table 9.2), then the total energy expended 
by each animal during a given two-day period would 
-1 
metabolism while resting on the surface (379 kJ.kg 
be its 
-1 
.d x 
3.170 kg x 1.95 d = 2340 kJ) plus its metabolism while 
-1 
foraging (309 kJ.h x 1.3 h = 402 kJ), or 2740 kJ. For a 
penguin to maintain itself, it would have to consume enough 
metabolizable energy during 1.3 h of feeding to equal its 
metabolic expenses for two days.. Thus, foraging efficiency 
of a non-breeding penguin that is in an energetic steady 
state would be 6.8 (= 2740/402). 
Among lizards, foraging efficiencies appear to fall into 
three groups: l.0-1.6 in sit-and-wait insectivores, 1.4-2.5 
in widely foraging insectivores, and 9-17 in herbivores 
(summarized in Nagy & Shoemaker 1984). 
Foraging efficiency is a parameter that may be quite. useful 
in assessing stresses that affect penguins during their 
breeding cycle, because a decrease in the abundance or 
proximity or nutritional quality of schooling fish would 
require penguins to work harder to obtain enough food, which 
would thereby lower their foraging efficiency. It is clear 
that the distance a penguin must swim to find its food is 
critical in determining foraging efficiency. Any human 
activities, such as harbour development, that may reduce fish 
abundance in the vicinity of a penguin breeding station need 
to be carefully considered in relation to the birds' foraging 
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efficiency and breeding performance. 
Food quality 
The species of fish that Jackass Penguins consume vary in 
energy content. For example, pilchards Sardinops ocellata 
contain 70.7 g of water, 19.9 g of protein, and 6.9 g of fat 
per loo·g of fresh matter (South African Fisheries Industrial 
Rese~rch .Institute 1980). From these figures, it can be 
estimated (assuming equal assimilability of protein and fat) 
that pilchards contain 13 % more metabolizable energy per 
unit of fresh mass, on average, than do anchovies. 
Currently, pilchards account for < 1 % by mass of the diet of 
Jackass Penguins at Marcus Island (Part 8). In the 1950s, 
however, 49-99 % of the birds' diet consisted of pilchards 
(Rand 1960, Matthews 1961). This change is almost certainly 
due to over-fishing of pilchards by commercial purse-seiners 
(Frost et al. 1976b). Only 659 g of pilchards, rather than 
758 g of anchovies, would be needed to satisfy the energy 
requirement of a breeding Jackass Penguin for two days. If 
both species of fish were equally available, a penguin could 
increase its foraging efficiency by selectively pursuing 
pilchards. Perhaps this was the case before overfishing by 
humans depleted the pilchard population. 
Annual population consumption of fish 
The annual energy expenditure by a single adult penguin 
is approximately 
-1 
-1 -1 
(3890/2) kJ.animal .d (Table 9.3) x 365 
d.y = 
-1 -1 
709,400 kJ.animal .y This calculation involves 
the assumption that the FMRs measured in adults with newly 
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hatched chicks were representative of the entire year. FMRs 
would probably be higher than this (1) when the chicks were 
larger and adults spent more time foraging, (2) when the air 
temperatures were lower than those during our study (mean 
0 0 
maximum = 17.7 c mean minimum = 10 • 8 C) I (3) tluring hot 
periods in summer (Frqst et al. 1976a), and (4) during part 
of the moulting period. On the other hand, FMRs should be 
lower during much of the year when penguins were not bre~ding 
(see above) or experiencing other stresses. on an annual 
basis, these differences would tend to cancel, but there are 
no data to test or quantify this at present. 
To meet its metabolic requirements on a diet of anchovies 
-1 
alone, 
-1 
kJ.y 
a penguin would have to consume 138 kg.y (709,400 
-1 
divided by 5.13 kJ.g ). There are about 122,000 
Jackass Penguins from the Saldanha islands and Dassen Island 
that use the Saldanha Bay fishing grounds off the west coast 
of South Africa (Furness & Cooper 1982). Assuming that they 
-1 
each consume 138 kg ·Y. , regardless of their age, then the 
annual anchovy consumption by this population would be 1.68 x 
7 
10 kg. This is much higher than Furness & Cooper's (1982) 
7 -1 
estimate of 1.03 x 10 .y Part of this difference is due 
to the lower value for metabolizable energy content used for 
. -1 
fresh anchovy tissue (5.13 kJ.g , or a total energy content 
-1 
of 6.59.kJ.g , assuming assimilation efficiency is 77.9 
as compared to the fresh-anchovy energy value of 8 
%) 
-1 
kJ.g 
used by Furness & Cooper (1982). Another part of this 
difference may be due to the estimate of this study being too 
high. The diet of Jackass Penguins at Marcus Island 
currently includes 80 % by mass of anchovies (Part 8). If 
the other 20 % were prey of higher energy content than 
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anchovies, the estimate in this study would be somewhat 
lower. 
In the entire South Africa fishing grounds, including those 
at Saldanha Bay, there are about 160,000 Jackass Penguins 
(Frost et al. 1976b, Furness & Cooper 1982)°. 
-1 
If each bird 
consumes fish at a rate of 138 kg.y , annual consumption by 
7 
the population as a whole would be 2.21 x 10 kg. Assuming 
that the diet of all Jackass Penguins in the South African 
fishing region is similar to that of the population at Marcus 
7 
Island, then 80 % of this, or 1.77 x 10 , would consist of 
Cape Anchovies. The pelagic fishing industry catches, on 
8 
average, about 2.30 x 10 kg of Cape Anchovies per year, so 
Jackass Penguins take the equivalent of about 7.7 % of the 
commercial catch. Expressed another way, .the fishing 
industry "consumes" Cape Anchovies 13 times as fast as do 
Jackass Penguins. 
ACKNOWLEDGEMENTS 
I am grateful for financial support from the South African 
Nature Foundation, the South African National Commitee on 
Oceanographic Research, the University of Cape Town, and 
Contract DE-AM03-76-SF0012 between the United States 
Departement of Energy and the University of California. I 
acknowledge the award of a J.W. Jagger Scholarship and thank 
J. Cooper and R. A. Abrams for assistance. This work was 
published with K. A. Nagy and w. R. Siegfried as senior co-
authors. 
117 
REFERENCES 
BARTHOLOMEW, G. A. 1982 • Energy metabolism. Pp 46-93, in: 
Gordon M. s., Batholomew G. A., Grimmell A. D., 
Jorgensen c. B. and White F. N. (eds), Animal physiology: 
principles and adaptations. Macmillan, New York. 
BRYANT, D. M. & K. R. WESTERTERP. 1980. The energy budget of 
house martin (Delichon urbica). Ardea 68: 91-102. 
COOPER, J. 1972. Sexing the jackass penguin. .Safring News 
1: 23-25. 
COOPER, J. 1977. Energetic requirements for growth of the 
jackass penguin. Zool. Africana 12: 201-213. 
COOPER, J. 1980. Breeding biology of the jackass penguin 
with special reference to its conservation. Proc. Pan-
Afr. Ornithol. Congr. 4: 227-231. 
FLINT, E. N., & K. A. NAGY. 1984. Metabolic rate during 
flight in the Sooty Tern. Auk 101: 188-194. 
FROST, P. G. H., W. R. SIEGFRIED, & A. E. BURGER. 1976a. 
Behavioural adaptations of the Jackass Penguin, 
Spheniscus demersus, to a hot arid environment. J. Zool. 
(London) 179: 165-187. 
118 
FROST, P. ·G. · H., W. R. 1 SI·EGFRH~:b, & J. COOPER. 1976b. 
Conservation· of ··the· · jacka~rs· penguin (Spheniscus 
derner.sus ru_.]). Biol. Conserv. 9: 79-99. 
FURNESS, R. W., & J.· COOPER. 1992. Interaction~ between 
se-.:ibird and pelagic fish populations '·in the southern 
Benguela region. Mar. tcol. Piog. Ser. 9: 243-250. 
HAILS, C. J. ·1979. A c6mparid6n of flight energetics in 
hirundines and other birds. ·comp. Biochem. Physiol. 
63: 581--585. 
HAILS, C • J •I & D. M. BRYANT. 1979. Reproductive 
energetics ot ~·free~living bird. J. Anim. EcoL 48: 
471-482. 
KENDEIGH, S. C., V. R. DOL'NIK, & V. M. GAVRILOK. 1977. 
Avian energetics. Pp. 124-204, in: Pinowski J. & 
Kendeigh s. c. (eds); Granivorous birds in ecosystems. 
Cambridge:university Pressi u. K. 
KOOYMAN G. L., R. W. DAVIS, J. P. CROXALL, & D. P~ COSTA. 
1982. Diving depths and energy requirements of King 
Penguins.. Science 217: 726-727. 
LASIEWSKI, R. C., & w. R. ·DAWSON. 1967. A reexamination 
of · the relationship between standard metabolic rate and 
body weight in bird~~ ·Condor ~9: 13-23. 
!l 
. 
122 
PATTERNS OF DEPARTURE AND ARRIVAL TIMES FROM A JACKASS 
------
PENGUIN COLONY IN RELATION TO FOOD SUPPLY 
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ABSTRACT 
The distribution of numbers of foraging Jackass Penguins 
leaving, and returning to, their breeding island per unit 
time was examined by conducting 24 h watches. A model is 
proposed predicting that, if the departure distribution is 
symmetrical, penguins feeding on small schools of fish will 
have a symmetrical return distribution. A skew return 
distribution indicates that they are feeding on large schools 
of fish. Based on this model, Jackass Penguins at Marcus 
Island appeared to be feedin~ on small fish schools for most 
of the year except in November when they apparently fed on 
large fish schools. 
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INTRODUCTION 
The Cape Anchovy Engraulis capensis has a complex schooling 
behaviour (Stuttaford 1983). Anchovy occur in small schools 
(Smith 1970), which may be feeding fish (Cushing 1977), or in 
very large schools (Smith 1970, Stuttaford 1983). Large 
aggregations of fish tend to have a relatively reduced rate 
of encounter with predators due to reduction in the surface 
area/volume ratio (Brock & Riffenburg 1960, Cushing & 
Harding-Jones 1968). Jackass Penguins Spheniscus demersus 
0 0 
breeding at Marcus Island (33 03'S, 17 58'E), in the 
southwestern Cape of Afric~, feed their chicks almost 
exclusively on Cape Anchovy (Part 8). Most breeding 
penguins leave the island around dawn to fish and return 
between mid-day and mid-night, with a mean return time 
between 17h00 and 19h00 (this paper). I assume that the form 
of the distribution of returning birds is dependent on the 
form of the departure distribution and the time the birds 
take to catch their quota of anchovy. This time is dependent 
on the degree to which the anchovy aggregate, since the 
penguin-anchovy encounter rate varies accordingly. In this 
paper I examine the form of the birds' return-distribution, 
in relation to their departure-distribution to determine the 
size and dispersion of anchovy schools that Jackass Penguins 
exploit. 
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METHODS 
Five 24-h hide-watches were conducted, between July 1980 and 
May 1981, at Marcus Island, to determine the daily arrival 
and departure patterns of foraging Jackass Penguins. The 
hide was placed lo m above the high-tide mark on a beach, 
80 m long, used by Jackass Penguins for access to the sea. 
The watches were started at mid-day and were always 
undertaken at full moon to facilitate counting at night. The 
number of penguins moving to and fro~ the sea was counted 
over half-hour intervals. The data were smoothed, using the 
formula: 
a' = (a + a )/4 
n+l n n-1 
(where a represents the number of 
n 
given half-hour interval and a' 
n 
smoothed data point). and plotted. 
+ a /2 
n 
penguins arriving in any 
represents the resultant 
The arrival and departure 
distributions were considered to have started when the 
numbers of birds arriving, or departing, per half-hour 
interval (in the smoothed graphs) were greater than 10 % of 
the peak value. The original data for the departure and 
arrival curves were converted to percentages, smoothed (see 
above), and plotted for each month's watch. The mean arrival 
times ·were superimposed and the values from the 
distributions, taken at half-hour intervals, were added 
together and divided by five (the total number of watches) to 
give the mean departure curve. This is independent of 
departure time. The same process was performed to obtain the 
mean arrival curve. 
RESULTS 
At all times during the watches there were small numbers of 
penguins entering and leaving the sea, but the departure 
peaks occurred between 07h00 and 08h00 and the arrival peaks 
occurred between 17h00 and 19hOO. Figures 10.l a & b show the 
mean departure and arrival curves, respectively. The 
smoothed data from the May and November watches are shown in 
Figures 10.2a & b, respectively. The data from the September, 
March and July watches were very similar to the May watch. 
The Pearson coefficient of skewness, which is given by 
Skew= 3(Mean - Median)/Standard deviation (Harper 1977), and 
the widths of the distributions at half the peak height for 
the arrival and departure curves are shown in Table 10.l. 
DISCUSSION 
In the subsequent model I make the following assumptions: 
(A) Jackass Penguins leave the island solely to find food and 
they return to the island as soon as they are satiated. 
Chick growth and mortality due to starvation are 
very variable during the year, which suggests that 
food is ·a limiting factor (Part 8). There is 
presumably strong selection pressure for adults to 
feed chicks as soon as they can each day. 
(B) Jackass Penguins do not usually fish within three 
kilometres of Marcus Island (Part 13). I assume that the 
time taken to cross the non-feeding zone is constant for· all 
birds. 
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Fig, 10.1 (a) Mean numbers of Jackass Penguins ieaving the 
island per half-hour interval. 
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Fig, 10,2 Numbers of Jackass Penguins leaving (dots) and 
arriving (triangles) at the island with time of day. The 
original data have been smoothed (see text), 
(a) 19 to 20 May 1981. 
(b) 20 to 21 November 1980, 
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Table 10.l The Pearson coefficients of skewness, and the ratio; width of the 
distributions at half peak height/ peak height (1/2 P), for the 
departure and arrival distributions of Jackass Penguins. 
N 
represents the number of birds counted for each distribution. 
DEPARTURES ARRIVALS 
Date of watch Skew 1/2 p Skew 
1/2 p n n 
27-28. July 1980 -0.15 0.17 680 o. 16 
0.16 933 
23-24 Sept. 1980 0.02 o.17 499 
o.75 o. 29 312 
21-22 Nov. 1980 -0.06* 0.05 26 
·1. 12 0. 19 103 
20-21 March 1981 -0.17 o. 20 389 0.07 
0. 62 470 
19-20 May 1981 0.04 0.36 340 -0.55 
0. 18 690 
Mean· o. 23 0.09 0.21 
C).15 
* 
...,.e,,:o.s. .. u e o e. 'SK~"" Gt. "l.S 
There were too few data to get a meaningful so the figure used was a mean 
value for all departures. 
The underwater travelling speed of 
Penguins is not very variable, being 6.6 
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Jackass 
-1 
km.h 
with a standard deviation of 0.8 · (Part 5) ' 
therefore the time taken to cross the non-feeding 
area is probably fairly constant. The bi-modality 
in duration of penguin dives suggests that foraging 
' 
activity starts abruptly in a particular region 
(Part 13). Abrupt changes in the duration of dives 
with the onset of feeding, after travelling, also 
occur in the Gentoo Penguin Pygoscelis papua 
(Trivelpiece et al. unpubl.). 
If, when foraging activity starts, penguins swim 
randomly away from the island, the population 
should show a radial dispersal proportional to the 
square root of the time spent foraging, wh~ch means 
that the bird-to-island distance would increase 
slowly. I assume that the return transit distance 
is similar for all birds. 
(C) Jackass Penguins search randomly and no single individual 
knows better than another where fish can be located,(Part. 
13) • 
I consider two different hypotheses regarding the size of 
the shoals. 
(1) Shoals are so large that, once encountered, the penguin 
can rapidly become satiated and return to the island. 
(2) Shoals are so small that the penguin needs frequent 
encounters with them so that a uniform feeding rate is 
approached, at least under similar conditions of light, 
weather, water visibility, etc. 
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In reality, anchovy school size is not bi-modal 
(cf. Smith 1970), but I treat it as such. Even 
'small' schools of anchovy (diameter five metres -
Smith 1970) will contain enough fish to satiate a 
Jackass Penguin, which requires about 760 g of 
anchovy per foraging trip (Part 9). When Jackass 
Penguins encounter a school of fish, they remain 
underwater for more than two minutes, catching and 
ingesting prey continuously (pers. obs). Presumably 
oxygen deficiency finally causes them to surface. 
where they rest for several minutes {pers. obs). 
Jackass Penguins are probably visual hunters (Sivak 
1976, Sivak & Millodot 1977). I consider as 
'small' any school that is small and mobile enough 
to move out of the Jackass Penguin's visual range 
by the time the bird has recovered from the dive. A 
school that does not conform to these conditions I 
class as 'large'. 
The Model 
Suppose that all penguins leave the island at exactly the 
same time and therefore reach the foraging area at an 
identical later time, T'. The number still in the foraging 
area at time 't' will then be: 
-~ (t-T I) 
e , where p is the probability of 
encountering a large shoal per unit time. If satiated 
penguins return home at their normal travelling speed, their 
return distribution will be exponential, slightly modified by 
the different distances that the birds have travelled into 
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the foraging area. Since the penguins do not all leave the 
island together, the distribution of the departure must be 
convolved with the exponential distribution for prey capture. 
Qualitatively, the peak of the distribution of the returning 
birds occurs before the median, and the distribution is 
relatively wider than that of the departures {see appendix). 
-1 
This becomes more evident as p or To, a characteristic time 
for prey location, increases. In the second case, assuming 
constant search-conditions, the return distribution should 
mirror the departures, since each bird takes an approximately 
constant time to become satiated on a large number of small 
shoals. 
The departure distribution may have any form. It can be 
divided into temporal subsets, each of which is subject to an 
exponential decay, since the number leaving the feeding 
ground is proportional to the number already feeding {Fig. 
10. 3) 
The height of the shaded column in diagram 4 of Figure 10.3 
is proportional to the sum, J, of the arriving batches, Fo, 
Fl and F2 which are subject to decay periods ~T, l:':..T and zero 
respectively {with decay constant To), giving the departure 
rate one hour after the middle of the first half-hour 
interval when penguins first arrived at the feeding zone. 
Generally, the departure distribution for the nth interval is 
n 
J = l/To Z: Fi exp.-(n-i)~T/To 
i=O 
Where To = time constant. 
(1) 
(2) 
(3) 
(4) 
No. of penguins leaving the island in intervals of lengtn~' 
(eg. nal~ an nour) 
No. of penguins arriving at the feeding grounds 
Fi is the no. arriving in the ith interval 
Form of the transit curve has not been 
distorted since we assume equal transit 
time for all birds 
Departure ~ from feeding grounds (first 3, half~nour arrival groups) 
[The zero of time T' = 0 is taken in the middle of the first interval] 
Fo exp ... t/To 
Fl exp.~(t-,Ci.T)/To 
F2 exp.-(t-UlT)/To 
Sum of departure rates integrated over 
respective intervals t:lT (illustrated 
for the third interval t = UlT) 
J ~ Fo exp.-2.D.T/To + Fl exp.-Ct.T/To + F2 
No. of satiated penguins arriving back at island in half-hour intervals 
.Distortion of profile due to 
variaole transit times is 
(5) again ignored 
Fig. 10.3 
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This equation is the series distribution for finite intervals 
corresponding to the idealized departure distribution 
integral of equation (3) of the appendix • 
. Predictions from Penguin Departure and Return Distributions 
Since there was almost no change in the form of the mean 
departure and return distributions (Table 10.l, Figs 10.la & 
b), Jackass Penguins were probably feeding on small schools 
' 
rather than large schools. The short foraging range of the 
flightless Jackass Penguin, compared to other colonial 
seabirds, necessitates a ~ighly predictable prey (Frost et 
al. 1976, Part 13) which would be satisfied by small, widely-
distributed schools of anchovy (Part 13). 
Amalgamating all the departure and return distributions 
tended to mask the variability in monthly curves (Table 
10.l). From July to November the increase in positive skew 
in the return distributions, concomitant with an increase in 
the 1/2 peak width, indicated that the ratio of scattered 
schools to large schools decreased. From November to May the 
decrease in the positive skew suggests that the reverse was 
true. The increase in skew in the return distributions was 
concomitant with an increase in chick mortality due to 
starvation from July thrdugh November, the reverse being true 
from November through May (Fig. 10.4, data from Part 8). The 
Pearson product-moment coefficient (~) (Harper 1977) between 
coefficient of skew and percentage chick mortality due to 
starvation was 0.62 which suggested that small, dispersed 
anchovy schools were a . better food source for Jackass 
Penguins rearing chicks • 
• 
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fig, 10,4 Seasonal variation in the Pearson skew of the 
distribution of leaving (solid rectangles) and returning 
(clear rectangles) Jackass Penguins in relation to the 
percentage chick mortality due to starvation (Part 8). 
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APPENDIX 
Data were collected over half-hour intervals, but if this 
procedure is taken to the limit of infinitesimal time 
increments, the summation of exponentials, subject to 
* different decays , gives a convolution integral. This is a 
mathematical abstraction revealing the form and symmetry of 
the model created by penguin feeding logistics and my 
simplifying assumptions. Collection of the data over half-
hour intervals, and smoothing it so that all correlations 
between 'satiated return data' and the theory applied to 
'departure data', _employs a summation technique. 
* decays with different initial amplitudes subject to 
different decay periods, not different decay rates. Differing 
decay rates would be analagous, for example, to differing 
degrees of anchovy aggregation. 
If f (t) describes the rate of arrival of birds at the feeding 
grounds then, of the birds arriving at the feeding ground· 
during a time interval between (t-T) and (t-T) + .6.T, a 
fraction, g(T), will still be there after the interval T. 
Therefore g(O) = 1. The total number at the feeding grounds 
-
Htt) will be obtained by integrating over all possible 
intervals. 
HCt) = 1°f(t-T)g(~) dT 
The net rate of arrival at the feeding grounds is therefore 
h(t) = dHtt)/dt 
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= r f' (t-T) g (T) dT (1) 
where the primes indicate a derivative with respect to t. 
[More generally it would be possible to take g = g(t,T) to 
allow for, for example, diurnal variation] 
Integrating by parts 
m 
h (t) = -f(t-T)g{T) I + 
0 
= f ( t) 
F(t-T)g' (T)dT 
0 J l t) 
(2) 
The first term in the net arrival rate is the arrival rate 
and the second, with change of sign, is the departure rate. 
As g' (T) is the rate of change of the fraction remaining, 
this expression may be written down immediately. 
If the birds are school feeders which need to find only a 
single school before leaving the feeding grounds, the number 
leaving will be proportional to those feeding 
g' (T) = -g (T) /To 
-1 
where To , the probability of finding a school in unit time, 
is a constant. Integrating 
g (T) = exp. (-T/To) 
To is the time required for g(T) to decrease by l/e ie. to 
37 % of its former value. Then equation (2) gives 
J~t) = l/To J;(t-T) exp. (-T/To)dT 
1 1. f 0 For examp e 
0 < t < t' 
(3) 
(t) = N, N.,_ ________ __, 
f 
= O elsewhere 
we find t' 
t 
J (t) = N {1-exp. (-t/To)} 
= N {1-exp. (-t'/To)} exp. (t'~t)/To 
t ( t I 
t ) t' 
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Note that if f is a symmetrical function J will not be 
symmetrical. 
J 
t I 
It. is 
will 
possible to observe in principle f, H and j while g 
For 
be chosen in accord with the hypothesis to 
example, if the food supply is continuous 
suppose 
g(T) = 1, T <Tl 
= O, T > Tl 
and can obtain 
J(t) f(t-Tl) 
be 
we 
tested. 
might 
In the present case, f (t) is deduced from observations of 
birds leaving the island. We make allowance for a constant 
time in transit to the feeding grounds and j(t) is deduced 
from observation of arrivals, after again allowing for the 
transit time. 
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'} 
DIURNAL FORAGING' PATTERNS OF THE JACKASS PENGUIN 
Ostrich (1985) 
56: 212-214 
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ABSTRACT 
During a 12 h period, starting at noon, Jackass Penguins 
returning to their breeding colonies from the sea were 
stomach pumped. Birds returning later had less food in their 
stomachs and the prey items were more digested. This 
indicated. that the penguins fed mainly around mid-day and 
probably not later than about 15h30, despite being at sea all 
day. 
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INTRODUCTION 
Although penguins are difficult to study at sea, deductions 
can be made about their foraging ranges and preferred 
foraging times by examining departure and arrival times of 
birds at their breeding colonies (e.g. Croxall & Prince 1980, 
Williams & Siegfried 1980). However, the time a penguin 
spends at sea is divided into two activities: travelling to 
and from a foraging area, and foraging. It is not possible to 
distinguish the relative.durations of the two activities by 
simply measuring the duration of foraging trips. Futhermore, 
although many penguin species are known to leave their 
breeding islands at dawn and return at dusk (e.g. Richdale 
1957, Warham 1963), a few birds return much later (e.g. 
Paulin & Sagar 1977) and may hunt at night. 
This paper considers departure and arrival times of Jackass 
Penguins Spheniscus demersus at a breeding colony in relation 
to the quantity and state of digestion of their stomach 
contents, to determine ~recisely when they catch their prey. 
METHODS 
0 0 
On 1 July 1984 at Marcus Island (33 03'S, 17 58'E), 
Saldanha Bay, South Africa, I surveyed the main penguin 
landing sites every two hours for 24 h to find Jackass 
Penguins returning to the island after foraging at sea. I 
caught no birds before mid-day, since observations showed 
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that all penguins returning at this time had only been to sea 
to bathe. I caught six penguins at 12h30, seven at 14h30, 
seven at 16h30, five at 18h30, five at 20h30, three at 22h30 
and three at 24h30. All these birds were stomach-pumped 
immediately, using a wet-offloading stomach pump (Part 2). 
Stomach contents were weighed and examined immediately and 
the state of digestion of individual fish was ranked as 
follows: 
1. Fish whole and fresh. 
2. Body muscle separating from the spine, but more than 50 % 
remaining. 
3. Less than 50 % of body muscle on spine. 
4. Whole spine present, but little or no muscle attached. 
5. Spine fragmenting, but lengths greater than 30 % of total 
body length remaining. 
6. Little or no tissue present. 
Penguins containing even small quantities of food were 
considered to have fed that day. Birds with stomach 
samples containing bile and no food were considered to 
have fasted that day (Rartdall & Davidson 1981). 
RESULTS 
None of the penguins that returned at 12h30 had fed that day, 
but thereafter 22 of 30 birds sampled had fed (Fig. 11.la). 
The mean mass of food recovered was highest at 14h30, 
decreasing to almost zero by 24h30 (Fig. 11.lb). The mean 
state of digestion of prey items recovered was 4.8 in the 
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penguins that returned at 14h30, but prey were more digested 
in birds returning later (Fig. 11.lc). The least-digested 
prey item recovered from each group of birds was also more 
digested in penguins returning later (Fig. 11.lc). 
DISCUSSION 
Jackass Penguins have a diurnal foraging pattern; most birds 
leave colonies at dawn and return at dusk (Part 10). However, 
penguins do not appear to catch prey throughout the peri6d at 
sea. Although most birds returning to Marcus Island after 
mid-day had fed (Fig. 11.la), the mean quantity of food in 
stomachs decreased, and prey items were more digested with 
increasing time after noon (Figs 11.lb & c). This suggests 
that all prey were caught over a relatively short period. 
Jackass Penguin digestion rate has been examined (Part 7). 
If a plot of digestion rate (mass of food remaining in the 
stomach as a percentage of the mass of food ingested) is 
superimposed on Figure 11.lb it seems that the penguins fed 
mainly around mid-day, and few or no fish were caught after 
15h30. Even the least digested prey items, which are liable 
to be incidental prey caught after the main feeding period, 
were more digested in later arrivals. This also indicates 
that no birds were feeding at night. 
The main fishing area for Jackass Penguins in the Saldanha 
Bay region is approximately nine kilometres from Marcus 
-1 
Island (Part 13). At a travelling speed of 4.4 km.h (Part 
13) penguins would take approximately two hours to travel 
between the main foraging area and the island. If most 
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penguins stopped fishing at 15h30 and returned to the island 
immediately they would have arrived between 17hOO and lBhOO, 
as observed (Part 10). Since Jackass Penguins forage ·at 
variable distances from the breeding islands (Part 13), the 
late arrivals were more likely to be birds that travelled 
farther rather than birds which were hunting late. 
CONCLUSIONS 
Most breeding Jackass Penguins are at sea throughout the day, 
but they feed mainly around mid-day and probably only rarely 
after 15h30. No Jackass Penguins appear to feed at night. 
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ABSTRACT 
Diving synchrony was examined for varying group sizes of 
Jackass Penguins travelling to their 'foraging grounds from 
their breeding islands. Groups of less than 12 birds always 
dived synchronously, whereas groups of more than 17 birds 
always dived asynchronously. Since travelling penguins do not 
dive deeply, large groups of birds can remain together 
irrespective of diving synchronization. Observations from 
boats showed that foraging penguins rarely occured in groups 
of more than 17 birds. I suggest that groups of penguins that 
do not have synchronized dives cannot forage effectively 
because foraging penguins dive deeply. 
swim ~ithin two ot three metres cif the surface and have a 
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INTRODUCTION 
Although penguins are highly social birds, often hesting in 
large colonies including hundreds or thousands of individuals 
(Stonehouse 1975), they forage in groups that generally 
contain fewer than 50 birds (e.g. Rand 1960, Siegfried et al. 
1975, Boersma 1977). Foraging groups are reported to have 
highly synchronized behaviour (Ainley 1972, Siegfried et al. 
_1975). Jackass Penguins Spheniscus demersus in groups dive 
and return to the surface synchronously (Siegfried et al. 
1975, Part 13). Synchronization of activity in Aptenodytes 
and Pygoscelis penguins at sea is maintained by visual and 
auditory cues (Stonehouse 1967, Ainley 1970, 1972). Siegfried 
et al. (1975) suggest that 'head dipping' may serve to 
synchronize dives among Jackass Penguins. Jackass Penguin 
groups on the surface of the water are dense (inter-bird 
distance < one metre; Broni in press) so 
individuals can only see immediate neighbours. Visual cues, 
such as 'head dipping' may not be perceived by the all :birds 
when groups become too large. Casual observation showed that 
groups of Jackass Penguin were not always synchronized in 
diving behaviour. This appeared to be related to group size. 
Jackass Penguins do not forage within 200 m of ,their breeding 
island (Part 13) or before lOhOO and after 16h00 (Part 11). 
Jackass Penguins seen at sea under these conditions are 
usually commuting between their breeding island and the 
fishing area (Parts 10, 11 & 13) • Commuting Jackass Penguins 
swim within two or three metres of the surface and have a 
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mean duration of dive of 22 s (~.d. 12) (Part 13). In between 
dives Jackass Penguins rest on the surface (Part 13) for a 
mean time of about 18 s (Siegfried et al. 1975). Foraging 
Jackass Penguins regularly dive to 30 m and have . a mean 
duration of dive of 146 s (~.d. 60) (Part 13). 
I examined the diving behaviour of travelling and foraging 
Jackass Penguins to determine whether the signals responsible 
for initiation of dives were effective at maintaining 
synchrony irrespective of group size or whether group size at 
sea was limited because relatively large groups could not co-
ordinate diving behaviour. 
METHODS 
Commuting (travelling) birds 
I noted, between 07hOO and 09hOO, durations of dives and the 
extent of dive synchrony in groups of Jackass Penguins 
0 0 
setting out to forage from Dyer Island (34 14'S, 19 2S'E), 
0 0 
and Dassen Island (33 26'S, 18 OS'E), South Africa, during 
February 1984. All penguins within two metres of other 
penguins were classified as a group. A group was considered 
to dive synchronously when less than three seconds elapsed 
between the first and last penguin submerging or emerging. 
Foraging birds 
Between June 1980 and March 1984, 19 transects were conducted 
0 0 
by boat in the Saldanha Bay region (33 03'S, 17 58'E) to 
determine group size of foraging birds at sea. Penguins were 
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0 
spotted by an .observer 4 m above the water. A 90 arc, 
extending from the bow of the boat to a 100 m long line 
perpendicular to one side of the boat, was surveyed. Eleven 
transects were made from a 15 m motor-boat, · moving at 
-1 
approximately 15 km.h 
' 
and eight transects made from an 11 
m yacht moving at approximately eight kilometres per hour. 
All transects were conducted between lOhOO and 16hOO. 
RESULTS 
Penguins departing from islands exhibited two distinct modes 
of travelling. All groups containing fewer than 12 birds 
dived and returned to the surf ace synchronously (Fig. 12.1). 
Mean duration of dive was 19.7 s <~<!. 8 .1, n = 20) and mean 
interval between dives was 16.6 s (§<!. 6. 5' n = 15) • These 
data sets are comparable to ones reported by Siegfried et al. 
--
(1975). However, groups of penguins containing more than 17 
birds dived and surfaced asynchronously (Fig. 12.1). Such 
groups travelled underwater continuously with individuals 
surfacing momentarily (le~s than two seconds) to breathe. A 
total of 417 penguin groups was observed from the boat. These 
birds were assumed to be foraging. The most frequently 
encountered group size was one, with larger groups being less 
frequently encountered (Fig. 12.1). Only two groups consisted 
of more than 20 birds (cf. Broni in press). 
Fig. 12.1 Hatched area shows the frequency of occurrence 
of various penguin group sizes at sea during the peak 
penguin fishing hours, This distribution has been fitted 
to two exponential decay curves: 
and 
y = 73,22e-0 · 27X 
. - 15 8 6 - 0.2 7 x y - • e 
where y = nuJ!lber oK si&?;h.t:i..ngs 
x = penguin group size. 
The dots indicate the frequency of occurrence of various 
group sizes of ~e~guins leaving Dassen and Dyer islands 
to forage, and whether the penguins dived synchronously 
or asynchronously. 
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DISCUSSION 
Asynchronous diving in travelling penguins probably arises 
because birds in larger groups cannot co-ordinate activities. 
Group size in travelling Jackass Penguins is not affected by 
asynchronous diving because travelling Jackass Penguins swim 
just below the surface of the water and any bird rising to 
the surface to breathe can remain with the group. However, 
foraging Jackass Penguins spend more than 50 % of their time 
below 6 m and may dive as deep as 130 m (Part 13). Any 
individual rising to the surface to breathe . asynchronously 
would lose contact with the group. Theoretically, group 
sizes of more 'than about 17 birds should not be able to 
forage together effectively (Fig. 12.1) •. This is supported by 
data on penguin group size at sea where only three groups of 
penguins were seen consisting of more than 17 birds. If the 
data on the frequency of different group sizes of foraging 
penguins are fitted to an exponential-decay curve, using the 
method of least-squares, the curve gives a poor or good fit 
depending on whether the two large group sizes observed (29 
and 50 birds, Fig. 12.1) are included in the fit or not. 
-0.096x 
Using the two curve equations, y = 15.86 e and y 
-0.27x 
= 73.22 e (where y = the number of sightings and x = 
penguin group size) respectively, the probabilities that a 
group of more than .49 birds will occur are both less than 
0.01. 
I suggest that Jackass Penguins cannot forage effectively in 
group sizes containing more than about 20 birds because they 
cannot synchroni~e dives. The relatively large groups of 
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penguins leaving islands presumably split up when they start 
to forage. Aggregations of more than 20 birds at sea during 
the fishing hours are probably formed temporarily due to 
highly localized prey patches or consist of birds which are 
not actively foraging. 
ACKNOWLEDGEMENTS 
This study was supported by the National Geographic Society, 
the Frank M. Chapman Memorial fund and the Benguela Ecology 
Programme, sponsored by the South African National Committee 
for Oceanographic Research. I am grateful to the .Sea 
Fisheries Research Institute for allowing me time on their 
vessels. 
151 
REFERENCES 
AINLEY, D. G. 1970. Communication and reproductive cycles in 
Adelie Penguins. Ph.D. Dissertation. John Hopkins 
University, Baltimore. 
AINLEY, D. G. 1972. Flocking in Adelie Penguins. Ibis 114: 
388-390. 
BOERSMA, P. D. 1977. An ecological and behavioral study of 
the Galapagos Penguin. Living Bird 15: 43-93. 
BRONI, s. c. In press. Social and spatial patterns of 
foraging by the Jackass Penguin. s. Afr. J. Zool. 
RAND, R. 
habits 
W. 1960. The distribution, abundance and feeding 
of the Cape Penguin {Spheniscus demersus) of the 
southwestern Cape of the Cape Province. Invest! Rept Div. 
Fish. Un. s. Afr. 41. 
SIEGFRIED, W. R., FROST, P. G. H., KINAHAN, J • B. & COOPER, 
J. 1975. Social behaviour of Jackass Penguins at sea. 
Zool. Africana 10: 87-100. 
STONEHOUSE, B. 1967. The gene~al biology and thermal 
balance of penguins. Pp. 131-196, in: Cragg, J. B. (ed.), 
Advances in ecological research 4. Academic Press, London. 
STONEHOUSE, B. 1975. The Biology of Penguins. Macmillan 
Press, London. 
152 
THE JACKASS PENGUIN AS A PELAGIC PREDATOR 
Mar. Ecol. Prog. Ser. (in press) 
153 
ABSTRACT 
The swimming and diving capabilities of the Jackass Penguin 
were examined. Mean maximum speed over a 10 m course in a 
-1 
-1 
rock pool was 12.4 km.h for breeding adults, 9.5 km.h 
-1 
for juveniles and 4.6 km.h for fledglings. 
Fledglings could not swim fast enough to catch adult Cape 
Anchovies Engraulis capensis which are the normal prey of 
adult Jackass Penguins. Fledglings probably feed -on fish 
larvae. Moulting penguins swam at speeds comparable to 
fledgling penguins and did not feed. When travelling to the 
-1 
foraging area, breeding Jackass Penguins swam at 4~4 km.h 
They had a maximum theoretical foraging range of 24.2 km, but 
their actual foraging range was less than 20 km. The mean 
duration of dive of penguins inside Saldanha Bay was 22.3 s. 
Outside the bay the mean duration of dive was 146 s. During 
long dives outside Saldanha Bay, .the penguins were probably 
foraging. At mid-day, when most Jackass Penguins are at sea, 
largest numbers of penguins were seen outside the bay in 
water 30-40 m deep. Jackass _Penguins fitted with depth gauges 
dived routinely to 30 m,. but spent most time in the upper 
water layers. The maximum recorded depth was 130 m. There was 
a positive correlation between the distance swum by Jackass 
Penguins and the amount of food that they ingested. This 
suggests that the anchovy on which they fed formed small 
schools which were encountered frequently. 
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INTRODUCTION 
Penguins are flightless marine birds which rely on their 
swimming abilities to travel to their foraging grounds and 
to locate and capture prey. Swimming is much slower than 
flying so f lightlessness would seem disadvantageous. Penguins 
theoretically cannot cover as large a foraging area as many 
aerial seabirds and are not, therefore, adapted to feed on 
temporally or spatially unpredictable prey where a large area 
must be covered in order to encounter the prey (Frost et al. 
1976). Penguins are, nevertheless, one of the most successful 
bird families in the Antarctic and sub-Antarctic, comprising 
about 80 % of the bird biomass on many islands (Croxall 
1984). 
Penguins feed on pelagic prey (Zusi 1975) which have several 
adaptations for avoiding predation, ie: 
(Hamner et al. 1983) which reduces 
predator-prey encounter (Cushing & 
aggregative behaviour 
the probability of 
Harding-Jobes 1968), 
schooling (Pitcher & Partridge 1979, Partridge 1980) where 
aggregations are highly organised so that the prey can react 
to minimize predation after they have been discovered 
(Partridge 1980), and diurnal vertical migration (Boden & 
Kampa 1967). 
This paper presents data on the behaviour of the Jackass 
Penguin Spheniscus demersus to illustrate how the species is 
adapted to feed on its principal prey, the Cape Anchovy 
Engraulis capensis (Rand 1960, Part 8). 
MATERIALS AND METHODS 
0 
Field work was conducted at Saldanha Bay (33 03'S, 
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0 
17 58'E), 
southwestern Cape Province, South Africa from May 1980 to 
July 1981 and in May 1984, particularly at the penguin 
0 0 
breeding colony at Marcus Island (33 03'S, 17 58'E), Saldanha 
Bay. 
The maximum speeds of Jackass Penguins of different ages: 
juveniles (first year birds), feathered chicks about to 
depart to sea, breeding adults and moulting adults, were 
determined by timing, with a stop watch, their swimming over 
a 10 m distance in a rock pool (dimensions approximately 15 
' 
x 2x_1 m). The birds were given a one-metre stretch in which 
to accelerate before being timed. They were alarmed when 
released, apparently travelling as fast as possible and 
generally swimming directly from one end of the pool to the 
other. Any bird that did not swim the course directly was 
omitted from calculations. The state of moult was scored as 
the percentage of old feathers lost. Pre-moult birds were 
recognized by their pale plumage and greater mass and post-
moult birds by their dark plumage, short tail, and lack of 
bare skin around the eye (Cooper 1978). 
Jackass Penguins normally travel by swimming underwater, 
alternating with periods on the surface. Both the surface-
speed and the underwater speed were measured by noting the 
angular difference between surface 'stops' and the distance 
between the birds and myself at successive stops (using a 
simple device for measuring angular displacement and a 
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rangefinder). The use of vectors coupled with the time taken 
between surface stops allowed calculation of speed. It was 
assumed that the penguins travelled in a straight line while 
underwater. The rangef inder could not be used ~eliably if 
the birds were further away than about 300 m. The maximum 
error in measurements, as determined by calculating unknown 
distances between randomly placed poles on a beach and then 
checking with a measuring tape, was less than 10 %. 
At mid-day on 28 May 1984, 15 Jackass Penguins guarding 
chicks were weighed to'the nearest 50 g and fitted with 
autoradiographic distance meters (Part 5). All these birds 
left. the island to forage on 29 May. The chicks were weighed 
at 15h00 on 29 May and subsequently the nests were checked 
every hour for returning adults. When the penguins with 
devices returned they, and their chicks, were reweighed and 
the devices removed. The increase in mass of the chicks plus 
the increase in mass of the adults was assumed to represent 
the total mass of food the penguins had ingested that day. 
Penguin density at sea .. in specific areas was noted by running 
transects in a 10 m motor boat at a constant speed .(between 
-1 
25 and 30 km.h ) I and counting the numbers of penguins 
visible per kilometre. ~he penguins were spotted from the 
middle of the boat where the observer was about four metres 
0 
above the water. A semi-circle (90 on either side of the 
boat) was surveyed and any penguins within about 70 m were 
counted. All transects were conducted on days with good 
visibility when single penguins on the surface could.be seen 
easily up to the 70 m limit. Transects were conducted in 
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0 0 
Langebaan Lagoon (33 08 1 , 18 02') and inside and outside 
Saldanha Bay (Fig. _13.1). Fourteen transects were conducted 
from May 1980 through July 1981 between llhlS and 13h30 when 
most Jackass Penguins are at sea (Part 11). The route of each 
transect is shown in Figure 13.1. 
Dive durations for travelling and foraging Jackass Penguins 
were determined with a stop watch by observing the birds from 
0 0 0 
islands (Jutten (33 OS'S, 17 58'E), Malagas (33 03'S, 
0 
17 56'E) and Marcus) and from stationary boats. The depth to 
which Jackass Penguins dive and the time spent at each depth 
were examined by using autoradiographic depth gauges 
described in Part 4. Between 15 December 1980 and 30 May 
1981, depth gauges were attached to 15 breeding adult 
penguins . before they left the island at dawn to forage and 
recovered when they returned in the evening. 
In order to investigate the schooling behaviour of the 
penguins' prey, the stomachs of 61 Cape Anchovies caught by 
purse-seine fishing boats were examined and graded as empty, 
full or intermediate. Thirty-one of the fish were taken from 
a school estimated at 1500 t.approximately five kilometres 
south. of Saldanha Bay on 23 March 1981, and 30 fishes were 
taken from nine smaller schools, each estimated between 20 
and 50 t, caught approximately 90 km north of Saldanha Bay on 
14 April 1981. The stomachs of 122 anchovies taken by 17 
Jackass Penguins between 15 March 1981 and 22 June 1981, were 
graded in the same way. 
Fig. 13.l Map of Saldanha Bay illustrating densities of 
Jackass Penguins at sea along_ transects made from boats 
between llhlS and 13h30 from May 1980 through July 1981. 
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RESULTS 
The speeds of travel of .different age categories of the 
Jackass Penguin in different modes varied considerably 
(Table 13.1). A Kruskal-Wallis one-way analysis of varian~e 
(Siegel 1956) shows that the maximum speed of non-moulting 
adults was significantly higher than the maximum speed of 
juveniles which in turn was significantly higher than the 
maximum speed of fledglings (£ < 0.001). Penguins swimming 
over short distances underwater do not seem capable of speeds 
-1 
in excess of about 20 km.h ~ost values lie between 10 and 
-1 
20 km.h (e.g. Mein~rtzhagen 1955, Clark & Bemis 1979), 
although the lower speeds may not be representative of the 
birds' maxima. 
The comparatively fast maxi.mum speed of pre-moult penguins 
-1 
(approx. 13.5 km.h ) dropped to only four kilometres per 
hour when moult started (Fig. 13.2). The maximum speed. of 
birds was very slow until about 70 % of the old feathers had 
-1 
been shed, rising to about 10 km.h at completion of moult 
(Fig. 13.2). By way of comparison the maximum speeds of the 
prey species of Jackass Penguins are sho,wn in Table 13. 2. 
When travelling to and from their feeding grounds, Jackass 
Penguins normally travelled underwater, alternating with 
periods on the surface. The underwater speed of Jackass 
-1 
Penguins in the bay was 6.7 km.h (~.d. = 1. 7) I similar to 
-1 
the value of 6.6 km.h recorded in Part 5 using an 
autoradiographic speed meter (Table 13.1). These underwater 
speeds must be combined with ~he surface travelling speed to 
Table 13.1 
Bird Distance 
Jackass Penguin adult 10 m 
Jackass Penguin juvenile 10 m 
Jackass Penguin fledgling 10 m 
Jackass Penguin 
Jackass Penguin groups 
Jackass Penguin groups 
Jackass Penguin 
Jackass Penguin 
Jackass Penguin 
Jackass Penguin groups 
Jackass Penguin 
Jackass Penguin 
Emperor Penguin 
Aptenodytes forsteri 
King Penguin 
Aptenodytes patagonicus 
Adelie Penguin 
Pygoscelis adelie 
Little Blue Penguin 
Eudyptula minor 
Short 
<ioo m 
<200 m· 
Not given 
Not given 
200 m 
<200 m 
<40 km 
900 km 
27 m 
Short 
21 m 
Speed km.h· 
x sd n 
12.4 2.4 50 
9.5 1.8 17 
4.6 0.8 14 
1.5 0.6 22 
4.7 ·1.6 18 
4-7 
7-9 
4.9 
6.7 1.7 20 
6.6 0.8 15 
5.6 
max 
18'. 8 
12.8 
6.2 
11. 6 
3.1 
6.5 
10.6 
2.1 
9.6 
12.l 
13.3 
Activity, method calculated, source. 
(1) (A) This paper 
(1) (A) This paper 
(1) (A) This paper 
(2) (A) Clark & Bemis 1979 
(4) (B) This paper 
( 5) (B) This paper 
(5) Frost et al. 1976b 
(5) Davies 1955 
(5) Siegfried et ~· 1975 
( 3) (B) This paper 
(3) (C) Part 5 
( 6) (D) S. A. Journal of Science 1979 
(2) (A) Kooyman et al. 1971 
(2) (A) Clark & Bemis 1979 
(2) (A) Meinertzhagen 1955 
(3) Barton 1979 
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Table 13.2 Maximum speeds of Jackass Penguin prey 
Species 
10 cm 'fish' 
Clupoeids (10 cm long) 
Jack Mackerel 
Trachurus symmetricus 
Round Herring 
Etrumeus teres 
Anchovy adult 
Engraulis capensis 
Anchovy larvae 
Engraulis mordax 
-1 
Max speed km.h Source 
c 9 Wardle 1975 
c 2.5 Webb 1975 
7.6 Hunter & Zweifel 1971 
ell 1 
c 8 . 
Local fishermen (speed relative to fishing vessel) 
1.1 Hunter 1972 
./ 
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obtain the average penguin travelling speed. The ratio of 
time spent underwater to time spent on the surface for a 
travelling Jackass Penguin was 22.3 s: 17.8 s (Table 13.3, 
Siegfried et al. 1975) = 1.25: 1. Jackass Penguins travelled 
--1 
at 1.5 km.h when swimming on the surface (Table 13.1), 
therefore the actual travelling speed, which is composed of 
the surface and underwater components, was ([22.3 x 6.7] + 
-1 
[17.8 X l.5])/40.l = 4.4 km.h • Direct measurements showed 
the actual 
-1 
travelling speed was 4.7 km.h = 1.6) 
(Table 13.1). Jackass Penguins generally leave their breeding 
islands 
et al. 
around dawn and return in the late afternoon 
1976, Pa~t 10). If they travel at 4.4 
(Frost 
-1 
km.h , 
allowing for the return journey, the maximum range of a 
Jackass Penguin during the approximately 11-h period is· 
24.2 km. 
The 15 penguins fitted with distance meters travelled a mean 
distance of 40.2 km (~.d. = 22.0) which means that most birds 
did not venture farther than 20.l km from their breeding 
island. The regres~ion of mass of fish caught per bird versus 
distance travelled h~s a correlation coefficient (£) of 0.89 
(Fig. 13.3). 
During the transects, no penguins were seen in Langebaan 
Lagoon or in Saldanha harbour, and very few were seen in the 
bay. Most Jackass Penguins were found outside the bay in 
water approximately 30-40 m deep. Few were seen in water 
deeper than 50 m (Fig •. 13.1). Inside the bay, the mean 
duration of dives for Jackass Penguins was 22.3 s. Outside 
the bay, the mean duration was 146 s. When disturbed by a 
boat, the birds typically dived for less than 15 s (Table 
Table 13.3 Penguin dive times 
Species 
Jackass Penguin 
Jackass Penguin 
Jackass Penguin 
Jackass Penguin 
Humboldt Penguin 
Spheniscus humboldti 
Galapagos Penguin 
S. mendiculus 
Macaroni Penguin 
Eudyptes chrysolophus 
Gentoo Penguin 
Pygoscelis papua 
Gentoo Penguin 
Chinstrap Penguin 
Pyqoscelis antarctica 
Gentoo Penguin 
Adelie Penguin 
Adelie Penguin 
.Adelie _ _Penguin 
Emperor Penguin 
Emperor .Penguin 
Dives 
In bay 
Disturbed by boat 
Outside bay 
Fishing? 
Fishing 
Force dived 
Fishing? 
Fishing 
Fishing 
Force dived 
Forced dived 
Exploring under ice 
Fishing? 
Dive times (sec) 
x sd Range n Source 
22.3 11.6 7-48 34 This paper 
<15 This paper 
146.0 59.5 42-247 16 This paper 
c20 <45 
75 45 
<30 <79 
<300 
<120 
128 <203 
91 <139 
<420 
<45 
114 
<360 
<1080 
<540 
Siegfried et al. 1975 
18 Duffy 1983 
Boersma 1976 
Scholander 1940 
Kooyman 1975 
Trivelpiece et al. unpubl. 
Trivelpiece et al. unpubl~ 
-~ 
Scholander 1940 
Wilson 1907 
Smith 1959 
Donald 1895 
K<?oyman 1971 
.Kooj"man 19 7 5 
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Fig. 13, 3 Relationship between the mass of anchovy inges-
ted and the total distance trave~led per foraging trip for 
Jackass Penguins breeding at Marcus Island during May 1984 
(L: 0.89). 
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13.3). The mean time spent at various depths for 15 foraging 
penguins, as determined by the autoradiographic depth -gauge 
(Part 4), is shown in Fig. 13.4. The maximum depth recorded 
was 130 m, but .most birds did not dive deepeL than 30 m. 
In general, more time was spent at shallow depths. The 
mean time per foraging trip spent deeper than three metres 
was 78 min. 
Anchovies from a 1500 t school had significantly ~w~r full 
stomachs than anchovies from 20-50 t schools which had less 
full stomachs than anchovies caught by penguins (Table 13.4) 
(2 X 2 contingency tests, E < 0.05 (Siegel 1956)). 
DISCUSSION 
Maximum speed and prey availability 
The ability to swim fast enhances the penguin's chances of 
capturing prey. The principal prey of the Jackass Penguin in 
the Saldanha Bay region is the Cape Anchovy, but Round 
Herring Etrumeus teres and ~ors~Mackerel Trachurus trachurus 
are also taken (Part 8). Since the Jackass Penguin feeds in 
open water (Rand 1960), 'stalking' the prey does not seem 
likely (Hobson 1979). To capture any of these fish the bird 
must swim faster, at least over short distances. The data 
show that breeding adults can outpace all their prey species, 
but juvenile penguins may experience difficulty securing 
Round Herring. Fledglings would be unable to catch any of 
the prey species, suggesting that fledglings have different 
foods from the adults. Most of the slow-moving macro-
2.0 
1.8-
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E 
Q) 1. 0 
E 
1- a·.a 
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1 a 18 20 22 24 26 28 30 32 
Depth (m) 
Fig. 13.4 Mean time spent at different dept~s for 15 
foraging Jackass Penguins that spend one day at sea. 
Table 13.4 Number of ancho~y with full~ partially full and empty stomachs from a 
1500 t school, 20-50 t schools and from penguin stomach samples 
No. with full stomachs 
No. with partially full stomachs 
No. with empty stomachs 
1500 ton school 
1 ( 3%) 
8 ( 26 % ) 
22 (71%) 
20-50 ton schools 
4 (13%) 
18 ( 60%) 
8 (27%) 
Penguin diet 
25 (21%) 
86 (70%) 
11 (9%) 
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zooplankton in the region (Thiriot 1978) are too small or 
live too deep (e.g. Talbot 1974) to constitute Jackass 
Penguin prey. Fish larvae (from about 12 mm long) do occur 
in Jackass Penguin stomachs (unpubl. data). The maximum speed 
of fish larvae is considerably less than the maximum speed of 
fledgling Jackass Penguins and so young Jackass Penguins may 
rely on larval and juveni}e fish. Rand (1960) also concluded 
that 'immature' Jackass Penguins (no distinction was made 
between juvenile and fledgling) preyed upon slow-moving 
species. 
The smooth-feathered surface of a non-moulting penguin. is 
crucial for fast, efficient swimming (Nachtigall & Bilo 
1980). The loss of speed during moult can be attributed to 
the loose uplifted feather layer covering the body. Although 
moulting Jackass Penguins may not venture intb the water for 
thermoregulatory reasons (Erasmus et al. 1981), they may also 
fast (Cooper 1978) because they are too slow to capture their 
prey. Fasting and regenerating new feathers substantially 
reduces the size of the pectoralis and supracoracoideus 
muscles (pers. obs), the principal swimming muscles 
(Schreiweis 1982). Although freshly moulted penguins have no 
old feathers to reduce their swimming efficiency, their 
-1 
maximum speed of only 10 km.h is probably the result of 
their wasted musculature. Post-moult Jackass Penguins can 
theoretically 
recuperative 
Penguins are 
still outswim anchovies. After a 
period of feeding at sea, post-moult Jackass 
-1 
cap~ble of speeds up to 18.8 km.h (Fig. 
13.2). This is substantially faster than the average 
breeding adult and demonstrates the value of fresh plumage. 
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Foraging habits 
Although the theoretical foraging ranges of penguins are 
often large, up to 100 km for Gentoo Penguins Pygoscelis 
papua, Adelie Penguins P. adelie and Chinstrap Penguins P. 
antarctica (Lishman in press) , Rockhopper Penguins Eudyptes 
chrysocome and Macaroni Penguins E. chrysolophus (Williams & 
Siegfried 1980), and up to 500 km for King Penguins 
Aptenodytes patagonicus (Croxall & Prince 1980), my data, and 
telemetric studies (Trivelpiece et ~· unpubl.), indicate 
that penguins have much smaller foraging ranges than have 
been supposed. 
The greatest density of Jackass Penguins at sea, at nine 
kilometres from Marcus Island, was within the maximum range 
of 24.2 km postulated above and allows a further 22 km for 
the distance covered by the penguins when actually foraging. 
There is a tendency for birds to move along the coast rather 
than out to sea. This has also been -reported by Cooper 
(1984). The near-shore distribution. of the Jackass Penguin is 
consistent with the distribution of pelagic shoal fish whi~h 
are found within the 200 m contour (Crawford 1981). 
Siegfried et al. (1975) found that Jackass Penguin dives are 
of short duration, similar to those of Jackass Penguins 
diving within the bay during the present study. Penguins 
probably do not forage during short dives of about 20 s. 
Observations from high vantage points on the islands showed 
that during such dives penguins were travelling in a 
straight line within two or three metres of the surface. The 
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long duration of dives outside the bay probably reflects a 
much deeper dive during which birds forage. Dives of 
travelling Gentoo and Chinstrap Penguins are also of short 
duration compared to their foraging dives (Trivelpiece ~ al. 
unpubl. data). Penguins can dive exceptionally deeply (Conroy 
& Twelves 1972, Tomlinson 1975, Kooyman et al. 1971, Kooyman 
et al. 1982, Lishman & Croxall 1983, Adams & Brown 1983) 
which increases the volume of sea available to them in close 
proximity to their breeding sites compared to that available 
to other seabirds. 
Ecology of prey species 
Although no published data are available on the depth 
distribution of the Cape Anchovy, other anchovy species, e.g. 
E. ringens and~· mordax, generally occur within 30 m of the 
surface (Guillen et al. 1969,. Jordan 1976, Huppert et al. 
1980, Johanesson & Vilchez 1980) as do foraging Jackass 
Penguins. 
The short range of breeding Jackass Penguins necessitates a 
distributionally predictable prey (Frost et al. 1976). This 
condition is satisfied by a single, large, spatially 
predictable prey patch or many small prey patches which are 
encountered relatively frequently. Anchovy school size is 
highly variable (Smith 1970). The Cape Anchovy occurs in 
massive schools of many tons of fish (Fig. 13.Sa, 
Stuttaford 1983) and in small, widely scattered schools (Fig. 
13.Sb, Shelton & Hutchings 1981, Stuttaford 1983). If 
penguins fed on a single, large, spatially predictable fish 
school the birds would all be to travel 
Fig. 13.5 (a) Echo-trace from a Simrad EK 5 echo-sounder 
set at 38 kHz with a hull mounted transducer, of large 
schools of anchovy. The trace was made approximately 
55 km south of Saldanha Bay four kilometres offshore 
during mid-May 1983, 
(b) Echo-trace from a Simrad EK 5 echo-sounder 
set at 38 kHz with a hull mounted transducer, of small scho-
ols of anchovy (confirmed by mid-water trawl). The trace 
was made approximately eight kilometres north~west of Sal-
danha Bay during mid-May 1983, The deeper, denser schools 
are Lantern fish Lamponyctodes hectoris. 
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irrespective 
the same distance during - a 
of how much they ingest (Fig. 
foraging 
13.6a). If 
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trip 
the 
fish schools were not spatially predictable the birds . would 
be expected 
relation to 
to travel very variable distances that bear no 
the amount of fish ingested (F}g. 13.6b). 
However, for penguins feeding on small schools of randomly 
distributed prey, where there are numerous prey encounters, a 
positive correlation between distance travelled and amount of 
food ingested (Fig. 13.6c) is expected, as is seen in my data 
(Fig. 13.3). 
Large aggregations of animals have a small surf ace 
. area/volume ratio compared to small aggregations. When fish 
school, the mean effective surface area exposed to predators 
of individual school fish decreases with increasing school 
size, causing the predator-prey encounter rate to decrease 
(Brock & Riffenburg 1960, Cushing & Harding-Jones 1968), but 
the comparatively small surface· area of _large schools makes 
feeding less efficient for planktivores (Eggers 1976) •. Thus 
small schools of anchovy may be feeding (Cushing 1977). The 
incidence of anchovy with full stomachs from small schools 
compared to.large schools supports this and the even higher 
incidence of full stomachs of anchovies caught by Jackass 
Penguins (Table 13.4) implies that Jackass Penguins are 
feeding on such small schools. Small schools are likely to be 
encountered more often under conditions of random search and 
thus are a spatially predictable food source which can be 
exploited by the penguin with. its limited foraging range. 
. (Lt 1 . . f Fig. 13.6 Theo~ical re at1onsh1p between mass o anchovy 
ingested and total distance travelled per foraging trip for 
Jackass Penguins when: 
(a) All birds are feeding from a single, large, 
spatially predictable school 
(bl All birds feed from large schools which are 
located by chance 
Cc} All birds feed on very small schools which 
are located by chance, 
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SYNOPSIS 
"Although seabirds are 
many kinds of work, 
attractive 
biologists 
for 
have 
continually been frustrated by their 
inability to study the ecology of their 
subjects 
colonies. 
satellite 
processing 
their breeding away from 
Until the techniques · of 
telemetry and 
of activity 
on-bird 
data 
micro-
become 
inexpensive and accessible, we shall have 
to rely on assessing foraging ecology by 
indirect means at the nesting colony." 
(Ricklefs 1982) 
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There are many land-based studies of breeding seabirds 
(reviewed in Burger et al. 1980). However, land-based 
observers cannot test deductiqns about the foraging ecology 
of seabirds (e.g. Ashmole & Ashmole 1967, Croxall & Prince 
1980, Pennycuick et al. 1984). Studies of birds at sea are 
time-consuming and difficult (see Brown 1980 for review). The 
inception of remote-sensing technology (e.g. Kooyman 1975, 
Kooyman et al. 1971, 1982, Adams & Brown 1983, Lishman & 
Croxall 1983, Prince & Francis 1984) means that foraging 
activity can be measured directly on free-living birds. 
I have used remote-sensing devices to determine the foraging 
range (Part 5), depth (Part 4) and speed (Part 5) of Jackass 
Penguins Spheniscus demersus. using such devices in 
conjunction with a stomach pump (Part 2), I have been able to 
175 
examine penguin food (Part 8} and its distribution (Part 13}. 
Breeding seabirds must ingest enough food to supply their own 
energetic needs and the nutritional and energetic 
requirements of their broods. The quantity and quality of 
food given to penguin chicks determines growth rate (Cooper 
1977, Heath & Randall 1985}. 
In this section I demonstrate how prey availability can be 
inferred from results of studies of the birds' behaviour and 
growth. 
Chick growth and prey ingested 
Jackass Penguins from Marcus Island tend to concentrate their 
feeding at mid-day (Part 11} in the coastal waters outside 
Saldanha Bay approximately nine kilometres from the island 
(Part 13). They forage singly or in small groups (Part 12} 
in the upper 30 m of the sea (Part 13). The Cape Anchovy 
Engraulis capensis constitutes 80 %, by mass, of the birds' 
diet (Part 8). Assuming that their diet is 100 % anchovy, 
non-breeding birds would have to catch 222 g of food per day 
for their maintenance costs, plus a further 5.3 g for every 
kilometre swum, in order to balance their energetic needs 
(Part 9}. Chick growth rate is highly variable throughout 
the year and seems to be related to prey availability (Part 
8). The availability of prey at any time can be estimated by 
determining the distances that foraging birds swim (Part 5} 
in relation to the amounts of food that they ingest 
(Part 13). 
176 
Cooper (1977} reports on Jackass Penguin growth in the 
laboratory, where chicks were fed as much as they could eat, 
and in the wild, where the chicks were fed by their parents. 
The growth rates of the chicks in the two situations were 
markedly .different, with the chicks in the· wild only 
attaining about half the mass of the laboratory-raised chicks 
after 60 d growth (Fig. 14.1}. The growth of Jackass Penguin 
chicks at Marcus Island during 1980 and 1981 followed the 
same form as Cooper's curves, but was intermediate (Fig. 
8. 4} • 
Cooper (1977} also determined the mean wet mass of food 
ingested per day by wild and captive chicks (Fig~ 14.2}. 
During growth, the mass of a chick at a given time is 
dependent on the total mass of food ingested by that chick. 
Regardless of growth rate, there is an almost perfect linear 
relationship between the total mass of food ingested and the 
2 
chick mass for chicks younger than 60 d old ( r = O. 98} (Fig. 
14.3}. Using the regression equation (Fig 14.3}, I calculated 
how much food chicks hatching in each month from June 1980 to 
June 1981 at Marcus Island (Part 8} ingested to obtain their 
observed masses (Table 14.1}. 
The d.a--~ of mean wet mass of food ingested per day versus 
chick age for laboratory and wild penguins (Cooper 1977} were 
fitted ~o an inverse logistic function. The laboratory 
~a....~C!-were best fitted by the equation: 
y = 542 
-0.llx 
1 + 14e 
(1) 
3000 
Cooper's lab birds 
2000 
Cooper's Wiid birds 
1000 
10 20: 30· 40 50 60 70 
Chick age (d·) 
Fig. 14.1 Growth curves of Jackass Penguin chicks; fed in 
the laboratory and given unlimited food (solid circles) and 
fed in the wild (at Dassen Island) by parents (empty circles). 
Modified after Cooper (1977). 
fig. 14.2 Mean wet mass of food ingested per day by 
laboratory-fed (a) and wild (bl Jackass Penguin chicks. 
The relationships have been fitted to logistic curves 
Csee text 1. Modified from Cooper 0 9 7 7 L The data for 
wild chicks were supplemented by my own unpublished 
data 
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Column 1 is the mean mass of chicks at 60 d old for each month's 
hatchings 
Column 2 is the total wet mass of anchovy ingested ·[y]. (g) for 
chicks of given masses [x) (g). Calculatea rrom 
y = 6.72x - 24-4-7 
Column 3 is the asymptote of the wet mass of anchovy ingested 
per day a (g). Calculated from 
a 
y = 
1 + 12e-O.lx 
where y 1 = wet mass of food ingested per day Cg)_ 
x = chick age (d). 
Column 4- is the mean mass of food (g) given to 26 d old chicks 
for each growth period (ca+culated from the equation 
above). 
Column 5 is the reean number of chicks surviving per nest for 
each growth period. 
Column 6 is the total food brought back to the nest (Column 
4- x Column 5) . 
Column 7 is the original mass of the meal ingested by the adult. 
I assume that five hours elapsed between the time that 
the food was ingested and it was delivered to the chicks 
and therefore that, due to digestion, only 30 % of the 
original meal remained (see text). 
Column 8 is a measure of prey abundance. I assume that the birds 
travelled 30. 2 km during the feeding trip (see text). 
All figures in this Table refer to chicks.that hatched in the 
months shown, or figures derived from them. Columns may refer 
to values for later dates e.g. mass of prey ingested per kilo-
metre applies to a time 26 d after the mean chick hatch date 
(given in Part 8) (see Figure 14-.4-). 
Table 14.1 
Month Mean mass GJtv1v \o..-hv~ wet Asymptote Mass food Mean No. Food Orig. mass Food 
of chicks mass food mass food ingested chicks ingested meal ingested 
at 60 d 1 ingested ingested at 26 d per nest by brood per km 
-1 
(g) (g) (g.d ) (g) (g) (g) (g) 
JUN 2772 16181 . 427 244 1. 4 341 1136 37.6 
JUL 2529 14548 378 219 1. 8 394 1314 43.5 
AUG 2511 14427 376 .218 1. 75 381 1272 42.l 
SEP 2316 13116 337 199 1. 6 334 1114 36.9 
OCT 2262 12734 326 193 1. 25 241 804 26.6 
NOV 
DEC 2063 11416 287 174 1. 5 260 867 28.7 
JAN 1983 10879 270 165 1. 5 247 825 27.3 
FEB 2185 12236 311 186 1. 2 226 754 25.0 
MAR 2533 14525 381 221 1. 3 293 977 32.4 
APR 2875 16873 449 255 1. 2 306 1020 33.8 
MAY 2744 15993 423 242 1. 7 411 1371 45.4 
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where: y = mass of food ingested per day (g) and x = chick 
age (d) (Fig. 14.2a) 
JpJ-o._, %v-
The wild birds were-best fitted by the equation: 
/'\ 
y = 235 
-0.08x 
(2) 
1 + 6 e (Fig. 14.2b) 
The integration of these equations from O to 60 d gives a 
cvM\J\~~~ 11.e..wet mass of food ingested of 18797 g and 8353 g for 
laboratory and wild chicks, respectively. The forms of these 
two curves are essentially the same except for the asymptote 
values, so I derived a general equation which could be 
applied to both (1) and (2): 
y = a (3) 
-0.lx 
1 + 12e 
Where: a = asymptote. 
Using this equation; and asymptote values of 504 and 194 
-1 cv..n v lo....f.\v-tL.. 
(g.d ) (the values for equations (1) and (2)), the : · . mass 
of food ingested for laboratory and wild birds after 60 d was 
e ..i"" v\41 h"~ 
18777 g and 8353 g, respectively. Knowing the mean mass 
of food ingested for all 60-d-old chicks hatching in each 
month (Table 14.1), I calculated the theoretical maximum food 
intake per day (Table 14.1). 
Prey abundance 
It is now possible to examine how prey abundance varies 
seasonally. In order to estimate prey abundance at any one 
time, it is necessary to know the amount of food ingested by 
penguins per unit distance travelled. Distance travelled is a 
linear function of time spent travelling, because swimming 
speed is relatively constant (Parts 5, 6 & 13). Breeding 
. ·.• ~·: '·'. ·-. 
·. 
Table. 14.2 Jackass Penguin foraging parameters. 
Parameter 
-1 
·; l Mean swimming speed (km~ h ) 
Mean time spent at sea per day (h) 
'~ean percentage of time at sea spent swimming (all birds) 
)Mean distance travelled (km) 
Peak feeding time 
'-')Mean arrival time back at nest 
,;,')Time elapsed between feeding and arrival at nest (h) 
Percentage of original meal in stomach on arrival at nest 
Value s.d. 
7.7 
10. 5 l. 6 
37.3 17.7 
30. 2 
13h00 
18h00 
5 
30 
Source 
(Part 6) 
(Part 10) 
(n = 65) (This part) 
(derived) 
(Part 11) 
(Part 10) 
(derived) 
(Parts 7 & 11) 
Table 14.3 Table of Jackass Penguin foraging parameters for birds with 'large' and 'small' chicks. 
Parameter Mean value s.d. n 
Percentage of time at sea spent swimming - 'large' .chicks 43.9 20. 2 17 
-
'small' chicks 34.6 14. 3 45 
Distance travelled per foraging trip (km) - 'large' chicks 63.5 25.2 11 
-
'small' chicks 35.5 14. 7 49 
Mass of food in stomachs of adults at nest (g) :.. 'large' chii::ks 270.0 251.0 80 
-
'small' chicks I.so. o 143!0 45 
CvMv\o....4-~v e.... mass of food ingested by adults (g) - 'large' chicks 900.0 (derived) 
'small' chicks 500.0 (derived) 
'Large' chicks~ 1000 ~· 'small' chicks~ 1000 ~· 
Percentage of time at sea spent swimming and distance travelled per foraging trip, determined 
using speed meters (Part 5), on penguins breeding at Marcus Island between April and July 1984. 
The mass of food in the stomachs of adult penguins with chicks was determined by hourly checks 
at specific nests and stomach-pumping (Part 2) birds on their return from the sea. Data was 
collected between June 1980 and June 1981 (for details see Part 8). The total mass of food 
ingested by these birds was calculated assuming that the penguins had five hours to digest their 
meal before arriving at the nest (Table 14.2). They therefore had 30 % of the original meal mass 
in the stomach (Parts 7 & 11). 
\ 
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Jackass Penguins spent 37.3 % (s.d. 17.7, n = 65) of their 
time at sea actively swimming (Table 14.2). There was no 
significant difference (t = 1.8, £ > 0.05) in the amount of 
time spent actively swimming between birds with 'small' 
chicks (< l.O kg) and birds with 'large' chicks i> 1.0 kg) 
(Table 14.3). The mean time spent at sea per foraging trip by 
breeding Jackass Penguins is 10.5 h (§_.d. 1.6) (Table 14.2). 
Penguins spending this time at sea will travel the mean 
distance and ingest the mean amount of food (Parts 6 & 13). 
Since the distribution of the number of birds returning to 
the island as a function of time is symmetrical (Part 10) and 
there are chicks of all ages at all times of the year (Part 
8), the mean return time will be the median return time. 
Birds arriving at this time will have ingested the median 
amount of food required for chick growth per day, which is 
the asymptote divided by two. This corresponds to a chick-age 
of 26 d (Fig. 14.2). The food given to 26-d-old chicks ·for 
the period June 1980 to June 1981 can be calculated from 
equation (3) (Table 14.1). Jackass Penguin nests may contain 
one or two chicks (Part 8). The amount of food delivered to 
the brood can be calculated by multiplying the mean number of 
chicks per nest by the amount of food given to 26-d-old 
chicks (Table 14.1). 
Adults with 26-d-old chicks regurgitate all the food in their 
stomachs within 30 min of arriving at the nest (pers. obs). 
Because of digestion, this food only represents a fraction of 
-the food actually ingested by the adult. [I have no evidence 
to suggest that adult Jackass Penguins with chicks of this 
age have delayed digestion. Birds returning to the nest after 
spending the day at sea may have their stomachs completely 
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emptied using the stomach pump (Part 2) and still be up to 
500 g heavier than when they left the island that morning 
(unpubl. data). This suggests that there is a substantial 
amount of food in the intestine.] The total amount of food 
ingested by the adult can thus be calculated by knowing the 
mass of food given to the chicks, the peak fishing time (Part 
11), the time adults arrive at the nest (Part 10) and the 
rate of digestion of fish (Part 7) (summarized in Table 
14.2). The estimated original masses of food ingested by 
penguins feeding 26-d-old chicks for periods throughout the 
year are shown in Table 14.1. Since Jackass Penguins with 26-
d-old chicks swim, on average, 30.2 km (Table 14.2), an 
estimate of the amount of food ingested per kilometre for 
different times of the year can be calculated (Table 14.l & 
Fig. 14.4). 
In Jackass Penguins one parent remains with the chicks when 
they are small, and the other forages during daylight hours; 
parents switch roles each evening. However, when chicks weigh 
about 1500 g, both parents may forage simultaneously, 
returning to the nest at intervals of one to 10 d (Rand 
1960). Chicks are less likely to be· pr...e."t~Uf>oo, or be injured 
by prospecting penguin pairs, if they are protected by a 
parent (pers. obs). The age when the chicks are first left 
alone is presumably determined by the food requirements of 
the brood and by prey abundance; older chicks require more 
food and adults need to forage longer if prey is scarce. I 
determined the mean age at which chicks, hatching in 
different months, were first left alone by checking nests 
every day (Part 8) (Table 14.4). The mean chick age at which 
50 
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c 
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J F M. A 
Fig. 14.4 et" Theorical mass of food ingested per kilometre 
M· 
for adult Jackass :i;:'enguins with 26 d old chicks at Marcus 
Island, Bars show the app~oxin).ate months when four major 
predators of anchovy in the Benguela region have chicks: 
Data for ·Gannets ;t:'rom Jarvis (1970}, Cape Cormorants from 
Berry~ al. (1_978), Jackass Penguins from Duffy et al. 
_ U_9 84) and Swift Terns from PFIAO Cunpubl. data). 
J. J 
Table 14.4 Mean chick age at first 
'both parental absence' from the nest 
for different months chicks. 
Month Age at first parental absence 
Mean s.d. n 
JUN 42.7 11. 4 68 
JUL 38.7 13.0 13 
AUG 36.6 7.8 11 
SEP 30.5 11.0 18 
OCT 30.7 7.6 15 
FEB 20.4 10.6 20 
MAR 28.8 3.8 ·5 
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both parents were absent is correlated with the estimated 
2 
prey abundance for that period (r = 0.79) (Fig. 14.5). 
In order to compare the estimates of prey abundance 
calculated here with prey abundance as determined by the 
speed meter study (Part 13), the regression in Fig. 13.3 was 
modified to allow for digestion. As presented in Part 13, the 
mass of food brought back to the island by the adults (y) [g] 
is related to distance travelled (x) [km] by the equation: 
y = 8.2x + 122 
In order to calculate the actual mass of food ingested, the 
mass of food eliminated due to defaecation must be 
determined. Duffy et al. ·(1985) have reported on the 
percentage of meal mass voided as faeces as a function of 
time after ingestion for Jackass Penguins. Using this, and 
the return time for each penguin in the regression in Fig. 
13.3, the mass gain of the birds when they returned and the 
main fishing times (Part 11), the original mass of the meal 
can .be calculated. In the modified plot, the mass of food 
ingested (y) is related to the distance travelled (x) by the 
equation: 
2 
y = 14.3x + 11 (r = 0.72) (Fig. 14.6) 
Penguins ingest, on average, approximately 14.3 g of fish per 
kilometre. This is substantially lower than values given in 
Table 14.1 and may be due to: (1) an unjustified assumption 
in the calculations; (2) an unusually bad day for foraging 
when the speed meters were ~eployed (the birds were returning 
much later than usual at this time (mean arrival time- of 
2lh30, cf. Part 10); or (3) the effects of packages on 
foraging efficiency (see Part 6). 
y:0.74x+6.71 
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and distance travelled by Jackass renguins (modified from 
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Figure 14.6 plots the mean masses of food ingested by 
penguins with 'large' chicks (> 1.0 kg) and penguins with 
'small' chicks (< 1.0 kg) against mean distance travelled per 
foraging trip (Table 14.3); the line being close to that 
obtained from birds foraging in May 1984 (Part 13). However, 
I would expect this line to be markedly lower than the one 
for May, since adults regurgitate their stomach contents as 
soon as they return to the nest (see above) , and I stomach-
pumped them up to an hour later. 
Optimal foraging and prey abundance 
Breeding Jackass Penguins need approximately 5.3 g of anchovy 
per kilometre for their swimming costs (Table 14.5). Jackass 
-1 
Penguins ingesting 45.4, 25.0 and 14.3 g.km of food 
(maximum and minimum values from Table 14.1 and the 
regression from Fig. 14.6) would have to swim 5.6, 11.6 and 
24.9 km, respectively, to balance their energy budgets for 
that day (Fig. 14.7). The exponential nature of thecvr~e.in 
Figure 14.7i~\LJJ-~sthat prey density becomes critical when 
less than 15 g of food is ingested per kilometre (Fig. 14.7). 
The initiation of one-day, instead of two-day, foraging 
cycles by Jackass Penguins appears to be related to prey 
density. By assuming that tpe growth curve for chicks from 
Marcus Island (Fig. 8.4) has the same form shown by Cooper's 
chicks (1977) (Fig 14.1) and that the amount of food ingested 
per day can be calculated from the regression in Fig. 14.3 
and Equation (3), I calculated the distance that parents 
would have to swim to meet their own energy needs and those 
of their brood so that the chicks might grow at the observed 
Table 14.5 Energetic and food requirements for breeding Jackass Penguins 
Parameter 
-1 -1 
Metabolic cost of existence (kJ.bird .d ) 
Mass of anchovy required to meet cost of existence (g) 
-1 
Energy expended in swimming per hour (kJ.bird ) 
-1 
Mean travelling speeq (km.h ) 
-1 
Energy expended in swimming per kilometre (kJ.bird ) 
-1 
Mas's of anchovy required 'for .energetic costs of swimming (g.km ) 
Value 
1137 
221. 6 
212 
7.7 
27.5 
5.3 
Source 
(Part 9) 
(Part 9) 
(Part 9) 
(Part 6) 
.(derived) 
(derived) 
I assume that the diet is 100 % anchovy Engraulis capensis (Part 8) and that the· 
-1 
metabolizable-energy content of fresh tissue of anchovies is 5.13 kJ.g (Part 9). 
-1 -1 
The energy expended per day (y) (kJ.kg .d l is related to the distance travelled 
(x) (kml by the equation: 
y 13.0x + 379 (Fig. 9.1) 
-1 
Thus, Jackass Penguins expend 212 kJ.h when swimming. Since energy expenditure is 
the same per unit time for harnessed and non-harnessed 
-1 
swimming Jackass Penguins travel at 2.14 m.s (= 7.7 
-1 
swimming Jackass Penguins use 27.5 kJ.km when swimming. 
birds (Part 6) 
. -1 
km.h ) (Part 
and free-
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Fig. 14.7 Theoretical relationship between the distance 
that must be travelled by an adult Jackass Penguin without 
. 
chicks in order to.balance its energetic needs for various 
prey densities (see textl. The dashed line indicates birds 
that :eorage every other day and the continuous line indica.-
tes birds that forage ~ve~y day. 
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rate (using the maximum and minimum prey density values (45 
-1 -1 
g.km in May 1981 (Table 14.1) and 14.3 g.km in May 1984 
(Fig. 14.6)) (Fig. 14.8). Observed values for mean distance 
travelled (determined by using the speed meter) versus chick 
age fall between the maximum and minimum predicted values. 
This suggests that the values for prey density shown in Table 
14.1 and Fig. 14.4 are reasonable. 
The problem of distance travelled versus chick age in 
relation to one- and two-day foraging cycles can be treated 
specifically for the months for which I have data for chick-
age at first parental absence (Table 14.4). The food 
requirements of the brood, commensurate with the observed 
growth, can be calculated from the data in Table 14.1 and by 
using Equation (3). The expected distance travelled by the 
adults in relation to chick age (Fig. 14.9) can be calculated 
knowing adult energy requirements per day (and per kilometre 
travelled) (Table 14.5) and the prey abundance at the time 
under consideration (Table 14.1, Figs. 14.4). Although there 
is a large monthly variation (up to 50 % of the maximum) in 
the mean chick age at which adults stop the two-day cycle of 
.foraging, there is less variation in the distance travelled 
(up to 24 % of the maximum) (Fig. 14.9). Distances travelled 
by breeding Jackass Penguins are linearly-related to the 
amount of time spent travelling (Parts 5,6 & 13) and, since 
there is an optimal time during the day to forage (Part 11), 
the distance which can be covered during the optimal foraging 
time is limited. 
Fig. 14.8 Theorical relationship between the distance 
that must be travelled by an adult Jackass Penguin, in 
order to satisfy its energetic needs and the energetic 
need of its chick(s) commensurate with 'normal' growth 
(see text), and chick age. __ 
. . -1 
Prey ingestion rate is 45 g .. km 
Line (1) Adult forages every day and feeds one chick 
Line (2) Adult forages every other day and feeds one chick 
Line (3) Adult forages every day and feeds two chicks 
Line (41 Adult forages every other day and feeds two chicks 
-1 Prey ingestion rate is 14.3 g.km 
Line (5) Adult forages every day and feeds one chick 
Line C6l Adult forages every other day and feeds one chick 
Line (7) Adult forages every day and feeds two chicks 
Line (8) Adult forages every other day and feeds two chicks 
The continuous lines show the P.eriod when the parents are 
most likely to be adopting one or two day cycles. Black 
circles denote mean distances travelled, determined with 
speed meters CT'art SL, ~y birds with chicks. Vertical bars 
represent standard deviations. 
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Fig. i4.9 Theorical relationship between distance that 
must be travelled by adult Jackass ?enguins, in order 
to balance their energy budget and to obtain enough food 
to maintain chick growth as observed (T"a,blel4.l), and 
chick age tor various periods throughout the year, The 
sudden drops in distance travelled occur when the birds 
change from foraging-every other day to foraging every 
day (Table 14.21. 
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Variability in anchovy patch size 
I have assumed that prey occur in 'small' schools (Part 10) 
and are randomly located with respect to each other. This is 
simplistic, and not valid for some periods during the year 
(Parts 10 & 13). Anchovy school size is highly variable 
(Smith 1970), both daily and seasonally (Shelton & Hutchings 
1981, Stuttaford 1983). Predator-prey encounter rate for a 
fixed search speed is primarily dependent on the biomass of 
prey in the region and on the distribution of that prey. 
Essentially, changes in surface area/volume ratios in patch 
sizes for a fixed biomass of prey determine predator 
searching efficiency {Brock & Riffenburg 1960, Cushing & 
Harding-Jones 1968). Searching efficiency is also affected by 
a predator's search-speed and the size of its perc~ptive 
field. 
of· the breeding birds that consume anchovy in the · Benguela 
upwelling region (including Cape Gannets Morus capensis (Rand 
1959, Crawford & Shelton 1978, 1981), Cape Cormorants 
Phalocrocorax capensis {Rand 1959, Crawford & Shelton 1978, 
1981) and swift Terns Sterna bergii (Walter et ·al. in 
" press)), the Jackass Penguin is the least efficient in terms 
of area of water searched per unit time {Table 14.6). In 
contrast to penguins, the ability of flying seabirds to 
travel rapidly enhances their chances of being able to 
exploit a temporarily available food resource by reacting 
quickly to feeding aggregations of other birds (cf. Hoffman 
et al. 1981, Duffy 1983a). Cape Cormorants and Cape Gannets 
feed in large flocks on 'large' schools (Part 10) of fish 
(Rand 1959, Rand 1960, Broni. in press, pers. obs). Although 
Table 14.6 Approximate foraging parameters of four avian anchovy predators in the Benguela region. 
Jackass Penguin Cape Gannet Cape Cormorant Swift Tern 
-1 ( 1) <Z> (3) ( 4) 
Foraging speed (km.h ) 7.7 77' 43 40 
(5) (5) ( 5) 
Searching ht above water (m) 0 10 ·10 10 
2 ( 6) (7) (7) (7) 
Search area (km ) 0.01 6.6 6.6 6.6 
2 -1 
Area searched per hour (km .h ) 0.08 508.2 283.8 264.0 
Area searched per unit time 1 6353 3548 3300 
(1) - Part 6 
(2) - For Sula bassana, from Meinertzhagen (1955) 
(3) - For Phalacrocorax carbo, from Meinertzhagen (1955) 
(4) - For Sterna hirundo, from Meinertzhagen (1955) 
(5) - Personal observations. Figures verx. approximate. 
(6) - Approximate water visibility for the entrance to Saldanha Bay (SFRI unpubl. data). 
(7) - Assume swel~ height of two metres. Calculated from Duffy (1983b). 
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such schools may be rare compared to 'small' schools, 
cormorants and gannets can exploit them because these birds 
can cover the necessary area to locate them. Due to their 
comparatively low searching efficiency, Jackass Penguins feed 
on smaller, but more frequently occurring schools (Part 13). 
Although Swift Terns may exploit large aggregations of fish 
(pers. obs), they are also probably partially dependent on 
small schools. Despite being efficient .searchers (Table 
14.6), when feeding chicks, terns usually bring back only one 
' 
prey item at a time (Hays et al. 1973) and so must repeatedly 
locate fish schools. Since gannets and cormorants store fish 
for their chicks in their stomachs, they can capitalize on 
single, large fish schools. 
My calculations show that prey were most available for 
Jackass Penguins at Marcus Island from May to October (Fig. 
14.4). A drop in prey availability, such as occurred from 
November to May (Fig. 14.4) does not necessarily mean a drop 
in prey biomass in the area. It may be due to an increase in 
. the incidence of large schools (Part 13) which would most 
likely favour cormorants and gannets. It is interesting that 
they both breed at this time (Berry et al. 1978, Jarvis 1970) 
(Fig. 14.4). Swift Terns on the western Cape coast have 
chicks between March and June (PFIAO unpubl. data). If prey 
abundance, as monitored by Jackass Penguins, really is an 
indication of small/large school ratios, the terns nest when 
both large and small schools are relatively common. 
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CONCLUSIONS 
Jackass Penguins breed when food is locally most available. 
The quality of food brought back.to the chicks by the adults 
does not change during the year, so the ~easonal variation in 
chick growth rate is probably due to variation in the 
quantity of food brought back to the nest. Jackass Penguins 
feed on pelagic school fish with anchovy accounting for most 
of the diet. Anchovy school size is an important factor in 
determining foraging success in Jackass Penguins, since 
f lightlessness restricts the foraging range and searching 
ability of penguins compared to other seabirds. For a fixed 
biomass of fish in the foraging area, anchovy in small 
schools are encountered more frequently by predators thah 
anchovy in large schools and are thus a better food source 
for breeding Jackass Penguins. I suggest that seasonal 
changes in anchovy school size determine breeding success. 
In this thesis I have studied some aspects of the foraging 
behaviour of the breeding Jackass Penguin. 
techniques are inadequate to enable me 
My remote-sensing 
to study the 
activities of non-breeding seabirds. However, I feel that by 
combining 'classic' data on diet and chick growth with data 
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on penguins at sea, determined mainly by remote-sensing, .I 
have added to our understanding of the relationship between a 
. seabird and its food and thus moved closer to understanding 
the pelagic ecology of the bird. 
"To demonstrate coincidences between the 
occurrence of seabirds and of physical 
and oceanographic phenomena is hardly a 
satisfactory basis for an understanding 
of the bird~'. pelagic ecology. We are 
still a long way from being able to trace 
all the connections from the bird to its 
food." 
(Brown 1980) 
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